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ABSTRACT
Follicular Dendritic Cells, Human Immunodeficiency Virus Type 1, and Alpha-1-Antitrypsin
Xueyuan Zhou
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
HIV/AIDS is raging and causing millions of deaths around the world. The major
challenge in treating HIV/AIDS is the establishment of HIV reservoirs where the viruse escapes
both drug and immune system attempts at eradication. Throughout the course of HIV/AIDS,
productive HIV infection occurs primarily in the lymphoid follicles or germinal centers (GC)
surrounding follicular dendritic cells (FDC). In the GCs, FDCs trap and maintain infectious HIV
for years and provide these infectious viruses to the host cells. FDCs also attract B and T cells
into the GCs and increase the ability of CD4+ T cells to be infected. Additionally, FDCs also
mediate the increase of HIV replication in HIV-infected CD4+ T cells. Recently, several clinical
cases and in vitro studies suggest that alpha-1-antitrypsin (AAT) might inhibit HIV infection and
replication. Therefore, I hypothesized that AAT inhibited both the infection and replication of
HIV in primary CD4+ T cells. I also postulated that AAT inhibited the FDC-mediated
contributions that potentiate HIV infection and replication. To test whether AAT inhibited HIV
infection in lymphocytes, CD4+ T cells were pretreated with AAT and then incubated with HIV
to detect HIV infection. To exam whether AAT inhibited HIV replication, infected CD4+ T cells
were cultured with AAT to detect the replication of HIV. To determine whether AAT blocked
the FDC-mediated contributions to HIV pathogenesis, activated or resting FDCs were treated
with AAT to detect the trapping and maintenance of HIV. The results suggested that AAT
inhibited HIV entry into CD4+ T cells by directly interacting with gp41 and thereby inhibiting
the interaction between HIV and CD4+ T cells. AAT also inhibited HIV replication in infected
CD4+ T cells. Further study revealed that AAT interacted with low-density lipoprotein-receptor
related protein to mediate the internalization of AAT through a clathrin-dependent endocytic
process in CD4+ T cells. Subsequently, internalized AAT was transported from the endosome to
the lysosome and then released into the cytosol. In the cytosol, AAT directly interacted with
IκBα to block its polyubiquitinylation at lysine residue 48, which resulted in the accumulation of
phosphorylated/ubiqutinylated IκBα in the cytosol. In turn, the dissociation of IκBα from NF-κB
was blocked, which thereby inhibited the nuclear translocation and activation of NF-κB.
Additionally, AAT also down-regulated FDC-CD32 and FDC-CD21 expression, which are
regulated by NF-κB, thereby inhibiting the trapping and maintenance of HIV on FDCs. Hence,
AAT not only suppresses HIV replication, but also blocks HIV replication in CD4+ T cells.
Moreover, AAT also inhibits the activation of FDCs thereby affecting the trapping and
maintenance of HIV.

Keywords: HIV replication, HIV infection, HIV reservoir, Tummor necrosis factor α, IκBα,
Type II Fc gamma receptor, Type II complement receptor
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INTRODUCTION
Human immunodeficiency virus (HIV) type 1 infection results in the development of the
severe immunodeficiency, acquired immunodeficiency syndrome (AIDS) (1). Since it was
discovered in the early 1980s, HIV/AIDS has raged throughout the world (2, 3). This disease
currently infects over 30 million individuals and causes more than two million deaths per year in
men, women, and children (4). Although HIV/AIDS has been intensely studied since its
discovery, there are still many aspects of its pathogenesis that remain unclear. A major obstacle
in treating HIV/AIDS disease is the establishment of sanctuary sites or “reservoirs” where HIV
escapes both drug and immune system attempts at eradication (5). Follicular dendritic cells
(FDCs) are one of the largest HIV reservoirs in humans and the one about which the least is
known (6, 7). Recently, a clinical case study suggested that alpha-1-antitrypsin (AAT) deficiency
is associated with accelerated HIV/AIDS progression, suggesting that AAT might be an
endogenous inhibitor of HIV/AIDS (8-11). The focus of this dissertation is to characterize the
molecular mechanism(s) of AAT inhibition of FDC-mediated HIV infection, replication,
trapping and maintenance of infectivity. A better understanding of the molecular mechanism of
the inhibitory effect of AAT on H IV/AIDS might provide better therapies and intervention
strategies for the treatment of this disease.
HIV: HIV is a complex lentivirus that infects mammalian cells that express CD4
receptors and chemokine co-receptors (C-C chemokine receptor type 5 (CCR5) or C-X-C
chemokine receptor type 4 (CXCR4)) (12). In its life cycle, HIV has two principal stages:
infection and replication. When HIV infection occurs, the glycoprotein gp120 on HIV interacts
with CD4 receptors on the host cell to form a gp120/CD4 complex (13, 14). Subsequently, the
newly formed complex undergoes a structural conformational change to expose the chemokine
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binding domains of viral gp120, which allows them to interact with target chemokine receptors
(CCR5 or CXCR4) on the host cell (15-19). The interactions between viral gp120 and the host
cell’s CD4 receptors and chemokine receptors (CCR5 or CXCR4) promote the more stable twopronged attachment (gp120/CD4 and gp120/CCR5 or gp120/CXCR4) and prepare the Nterminal fusion peptide of viral gp41 to penetrate the plasma membrane of the host cell (20-25).
After penetrating the plasma membrane of the host cell, the two repeat sequences of viral gp41
interact with each other, causing the collapse of the extracellular portion of viral gp41. This
interaction brings the viral membrane and the cellular plasma membrane into close enough
proximity to allow the fusion of the membranes and the release of the HIV capsid, which
contains reverse transcriptase, integrase, ribonuclease, and protease, into the host cell (26-30). In
the host cell, newly internalized viral reverse transcriptase liberates the single-stranded (+
polarity) viral RNA and copies it into complementary DNA molecules (cDNA) (31).
Subsequently, the viral DNA is transported into the host cell’s nucleus. In the nucleus, HIV
integrase mediates the integration of viral DNA into the host genome where it resides for the
lifespan of the host cell (32).
HIV replication begins with the transcription and translation of viral genes, which leads
to the production of progeny virus. Occasionally, rather than being actively expressed, integrated
HIV DNA remains dormant (i.e., in the latent stage) in the infected cells (33). HIV viral gene
expression is tightly controlled by the activation of cellular transcription factors, including
Nuclear Factor kappa B (NF-κB), Specificity Protein 1 (SP1), Activator Protein 2 (AP2), and the
Nuclear Factor of Activated T-cells (NFAT). These factors are associated with the activation of
the host cell and can bind to specific DNA binding sites within the long terminal repeat (LTR) of
the viral genome to control its activity (34). Thus, when infected cells become activated, they
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induce the activation of transcription factors, which in turn bind to DNA binding sites within the
LTR of the viral genome and mediate the transcription of HIV genes resulting in their translation
into viral proteins (35-37).
FDCs and HIV: FDCs are unique cells that are usually found in the follicles of
secondary lymphoid tissues (38). FDCs can trap antigens in immune complex form and maintain
the antigens for years through the interaction between antibody-antigen immune complex and
type II Fc gamma receptor (FcgammaRII, CD32) (39, 40). Unlike normal dendritic cells that
internalize, process, and present antigen to T lymphocytes, FDCs do not internalize trapped
antigens, process nor present them to T cells (41). Recent reports demonstrate that FDCs exist
both inactive and activated states (42). Further studies reveal that FDCs can be activated through
the CD32 signaling pathway or the Toll-like receptor 4 (TLR4) signaling pathway (43, 44). The
activation of FDCs results in a number of changes including the increased expression of CD32,
intercellular adhesion molecule 1 ( ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), Bcell-activating factor (BAFF), type II complement receptor (CR2, CD21), CD21-ligand, C4binding protein (C4BP), tumor necrosis factor α (TNFα), interleukin-6 (IL-6), and interleukin-7
(IL-7) (45-49). These factors or mediators contribute to the germinal center (GC) response,
memory B cells, and antibody generation (50).
In HIV/AIDS patients, HIV infection and replication usually occur in secondary
lymphoid tissues and the major ongoing infection sites are in and around the GCs where FDCs
reside (6, 7, 51, a nd 52). These observations indicate that the GC environment with FDCs is
highly suitable for HIV transmission and replication. Further studies reveal that FDCs trap and
retain HIV for years and serve as a major HIV reservoir that protects the virus from destruction
in the GCs (53-55). These reservoirs are the most significant treatment obstacles in HIV/AIDS
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and provide a continuing source of infectious virus to perpetuate disease. Usually, FDCs are
confined to the follicles of secondary lymphoid tissues where they trap and retain numerous
antigens, including highly infectious HIV particles (5-7, 38, 41, 51, and 52). These antigens are
trapped in the form of immune complexes comprised of specific antibody and/or complement
components through FDC-CD32 and/or CD21 (45, 46, 54-56). In addition to providing
infectious HIV to T cells, FDCs also up-regulate CXCR4 on CD4+ T cells, thereby increasing
the ability of CD4+ T cells to become infected (57). Immediately adjacent to FDCs with trapped
HIV are GC B cells which are not infected with virus, and GC T cells and macrophages, which
are main infection targets of HIV (52). HIV-bearing FDCs also produce C-X-C motif chemokine
13 (CXCL13) to attract B and T cells to migrate into the GCs likely increasing the ability of
CD4+ T cells to be infected (57, 58). Moreover, FDCs also provide signals to activate infected
CD4+ T cells to produce more HIV (47). The importance of FDCs reservoir for HIV/AIDS and
its contributions to HIV/AIDS pathogenesis are confirmed by the finding that virus replication
persists around FDCs throughout the course of the disease (45, 46). These events combined lead
to virus spread and diversification (59, 60).
Although FDCs trap and maintain HIV in the GCs, the molecular mechanism still
remains controversial. Some reports show that FDCs trap HIV through the interaction between
FDC-CD32 and HIV immune complexes, composed of virus and HIV-specific antibody, or
between FDC-CD21 and HIV immune complexes/complement proteins (38, 55, and 61-64).
Other studies reveal that FDCs trap HIV particles without the presence of HIV antibody and
complement proteins (56, 65-67). However, only FDC-CD32 or FDC-CD21-trapped HIV
appears to maintain its infectivity (6, 7, and 41). After HIV enters the GCs, FDCs trap and retain
large amounts of virus on their surface using FDC-CD32 and/or FDC-CD21 (5, 45, 46, and 55).
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Meanwhile, the expression of FDC-CD32 is related to the activation of FDCs. FDC activation
also leads to increased production of TNFα, IL-6, and IL-7, which are important for HIV
transmission (45-49). Therefore, the activation of FDCs is an essential event for the trapping and
maintenance of HIV on FDCs and HIV transmission.
AAT and HIV: AAT is a naturally occurring serine protease inhibitor (serpin) found in
human blood that is produced in the liver and has a half-life of about four days in circulation (68,
69). Clinically, AAT is used to treat chronic obstructive pulmonary diseases, which exists in
patients deficient of AAT and therefore have unlimited neutrophil elastase activity that leads to
pulmonary tissue damage (70). AAT can also facilitate islet cell mass regeneration in diabetes
and promote immune tolerance in allograft transplantation of pancreatic tissue (71, 72).
Additionally, the production of endogenous pro-inflammatory cytokines is also inhibited by
AAT treatment in whole blood (73).
In blood, HIV-1 cannot be propagated without diluting the blood and activating the
lymphocytes (11, 74). HIV infection is also rarely contracted by t he oral route. This apparent
immunity to infection via oral exposure is thought to result from the presence of natural and
salivary secretory leukocyte protease inhibitor (SLPI) (75-79). In infected patients, HIV
proliferation occurs principally in lymph nodes, where the concentration of specific serum
constituents (putative inhibitors including AAT) is reduced (45). These observations suggest that
there are potent endogenous HIV inhibitors in the blood and saliva, which might block HIV
infection and replication. Logical candidates of endogenous HIV inhibitors include the serine
protease inhibitors found in the saliva and blood. Among these serine proteases inhibitors, AAT
is the most abundant circulating factor and many studies suggest that AAT inhibits HIV
replication and infection (8, 9, 80-87). Clinical studies examining the active and inactive AAT

5

levels in asymptomatic and symptomatic HIV-infected subjects reveal that asymptomatic HIV
positive individuals have higher levels of inactivated AAT than symptomatic individuals (59). In
one reported case, an individual with AAT-deficiency experienced a more rapid decline in CD4+
T cell numbers (10). Importantly, it has been reported that AAT down-regulates HIV replication
by inhibiting NF-κB activation in interleukin-18-stimulated HIV-infected primary monocytes
cells and in HIV-infected neoplastic cell lines (11, 88). However, the molecular mechanism of
AAT inhibiting NF-κB activation and HIV replication remains unclear. Moreover, a recent study
also reveals that the 20-amino-acid C’-terminal fragment of AAT suppresses HIV infection by
interacting with gp41 and interfering with the entry of HIV into host cells (9). However, it is
unknown whether full-length AAT also blocks HIV infection.
Although there is evidence showing that AAT inhibits HIV infection and replication, the
molecular mechanism for these activities remains to be elucidated. In this work, I seek to
determine whether intact AAT inhibits HIV infection and replication in primary CD4+ T cells. I
also investigate the molecular mechanism of the inhibitory effect of full-length AAT on HIV
infection and replication. Because AAT blocks HIV replication from HIV-infected CD4+ T cells
by inhibiting the activation of NF-κB that is essential for FDC activation and HIV trapping and
maintenance, I also investigated whether AAT inhibited FDC activation, which likely plays an
important role in HIV trapping and maintenance and HIV/AIDS pathogenesis. An increase in the
understanding of the inhibitory effect of AAT on HIV/AIDS pathogenesis may provide
important new tools and potential treatments to this disease.
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MATERIALS AND METHODS
Recombinant HIV generation
Human embryonic kideney 293T cells (293T cells) were cultured in DMEM containing
HEPES (20 mM), nonessential amino acid (1%), L-glutamine (2 mM), 10% heat-inactivated and
defined FBS (GIBCO/Invitrogen), and gentamicin (50 µg/mL; Life Technologies) and then
transfected with pLET-LAI (encoding the envelope of the recombinant HIV) and LTR vectors
(encoding the core of the recombinant HIV, including a wild type, NF-κB I binding site
mutation, NF-κB II binding site mutation, NF-κB I and II binding site mutations, SP-1 binding
site mutation, AP-2 binding site mutation, and NF-IL6 binding site mutation vectors; these
vectors were generously provided by Vincente Planelles and Alberto Bosque in University of
Utah, Salt Lake City, UT) using LipofectamineTM 2000 (Invitrogen) as directed. Briefly, one day
before transfection, 293T cells (5×105 cells/mL, 500 µL per well) were plated in a 6-well cell
culture plate with antibiotics-free DMEM. Before transfection, pLET-LAI (3 µg) and LTR
vector (3 µg) were mixed in 50 µL of Opti-MEM®I Reduced Serum Medium (Invitrogen) and
LipofectamineTM 2000 (10 µL) was also diluted into 50 µ L of Opti-MEM® I Reduced Serum
Medium. After 5 m inutes incubation, prepared vectors were mixed with prepared
LipofectamineTM 2000 and incubated for 20 minutes at room temperature. Next, the mixture was
added to the cells and incubated for 6 hour s at 37 ºC. After 6 hour s incubation, the culture
medium was changed to normal DMEM with 10% FBS and antibiotics and incubated for 6 days
to collect the supernatant fluid to confirm the production of recombinant HIV by detecting HIV
p24 as described below.
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HIV virus preparation
HIV-1IIIB stock was prepared by propagating HIV-1IIIB in neoplastic H9 cells. Virus was
harvested at the time when p24 and/or reverse transcriptase production reached a peak. The virus
was pooled, filtered through a 0.45-µm membrane, and stored in aliquots in liquid nitrogen until
used. Our HIV-1IIIB preparations typically contained 1 µg/mL of p24 and 1 × 106 cpm reverse
transcriptase activity. Unless otherwise noted, virus infections were performed using HIV-1IIIB.
However, where indicated, the 91US054 (X4) or 92US714 (R5) HIV-1 primary isolates (NIH
AIDS Research and Reference Reagent Program) were used after propagation in mitogenstimulated peripheral blood mononuclear cells (PBMC) as described below. HIV-1Bal was
prepared by pr opagating HIV-1Bal in mitogen-stimulated CD4+ T cells or macrophages as
described below. Primary virus stocks contained 140 to 200 ng/mL p24 and 3 ~ 4.5 × 105 cpm
reverse transcriptase activity.
Cell line culture and HIV infection
Jurkat, SupT1, or Hut78 T cells were propagated in complete tissue culture medium
(CM) consisting of RPMI 1640 with HEPES (20 mM), nonessential amino acid (1%), Lglutamine (2 mM), 10% heat-inactivated and defined FBS (GIBCO/Invitrogen), and gentamicin
(50 µg/mL; Life Technologies). For HIV infection, these cells were centrifuged and the culture
medium was removed. Next, the cells were resuspended in HIV stock (1 mL) and incubated at 37
ºC for 2 hour s. After HIV infection, unbound vi rus was removed by washing with phosphate
buffered saline (PBS) and the infected cells were cultured in CM under the conditions described
in each experiment.
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CD4+ T cell isolation and infection
CD4+ T cells were prepared from whole blood obtained from healthy, HIV-negative
donors. The blood was applied to Ficoll-Paque-Plus (GE Healthcare) and centrifuged as directed
to obtain PBMCs. Next, CD4+ T cells were isolated from PBMCs using negative selection via a
CD4+ T cell isolation Kit II (Miltenyi Biotech) as directed. Isolated CD4+ T cells were activated
by phytohemagglutinin (PHA; 5 µg/mL; Sigma) for 3 da ys in CM. Next, CD4+ T cells were
incubated in CM containing interlukin-2 (IL-2) (20 U/mL; NIH AIDS Reference and Reagent
Program; Hoffmann-La Roche, Inc.) for 2 hou rs at 37 º C. For infection, CD4+ T cells were
centrifuged and the culture medium was removed. Subsequentially, these cells were resuspended in HIV stock (1 mL) and incubated at 37 ºC for 2 hours. After HIV infection, unbound
virus was removed by washing with PBS and infected CD4+ T cells were cultured in CM with
20% FBS and IL-2 (20 U/mL) under the conditions described in each experiment.
Macrophage isolation and infection
Macrophages were prepared from whole blood obtained from healthy, HIV-negative
donors. PBMCs were prepared as directed above. Macrophages were then isolated from the
PBMCs by culturing the PBMCs in CM with 20% FBS and 10% human serum (Gemini Bioproducts) for 7 days. Afterwards, the attached macrophages were collected using a cell scrapper
and incubated in CM with 20% FBS. For infection, the culture medium was removed and the
macrophages were incubated with HIV stock (1 mL) at 37 ºC for 2 hours. After HIV infection,
unbound virus was removed by washing with PBS and the infected macrophages were cultured
in CM with 20% FBS under the conditions described in each experiment.
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FDC isolation and supernatant fluid collection
FDCs were isolated from human tonsils as described (47, 88). Briefly, the tonsils were
cut into small pieces and digested with an enzyme cocktail containing Blendzyme (Roche
Applied Science) and DNaseI (Sigma). Resulting single cells were washed twice in PBS. Next,
the cells were resuspended in 5 mL CM and goat IgG (Chrompure, Jackson ImmunoResearch)
was added. After 1-hour incubation on ice to minimize non-specific binding of IgG to FcR, the
cells were treated with mouse IgM, anti-human FDC mAb, HJ2 (kindly provided by Dr. M.
Nahm, University of Alabama at Birmingham) and incubated on ice overnight. Subsequently, the
cells were added to pre-formed continuous Percoll gradients (GE Healthcare, 50%) and then
centrifuged. The low-density cell fraction (1.050-1.060 g/mL) was collected, washed with PBS
to remove Percoll, and resuspended in CM. The cells were next treated with FITC-conjugated
goat anti-mouse IgM (Jackson Immuno research). After incubation and washing, the FDCs were
isolated by flow cytometry (FACS). Isolated FDCs were cultured in CM with 10% FBS. The
cell-free FDC-supernatant fluid was collected after 6 days incubation.
Quantitative real time PCR assay
To detect HIV viral RNA production, the cell-free supernatant fluid from the culture
system was collected and HIV viral RNA was isolated using a QIAamp viral RNA mini Kit
(QIAamp, USA) as directed. The isolated viral RNA was reverse-transcripted into cDNA using
random primer (Invitrogen) and SuperScript III reverse transcriptase (Invitrogen) as directed.
The synthesized cDNA was used as t emplate for quantitative real time PCR (qPCR, TaqMan)
with the primers and probe for HIV Reverse-transcriptase (forward primer (nt 3696 in HXB2):
5'-TGGGTACCAGCACACAAAGG-3',
ATCACTAGCCATTGCTCTCCAAT-3',

reverse
probe:
10

primer

(nt

3850):

5'-

ATTGGAGGAAATGAAC-MBG

(FAM

labeled)) with TaqMan Universal PCR Master Mix (Applied Biosystems) as d irected. PCR
conditions were as follows: 50 ºC × 2 minutes (1 ×), 95 ºC × 10 minutes (1 ×); followed by 60
cycles of: 95 ºC × 15 seconds, 60 ºC × 1 minutes in an ABI 7500 t hermocycler (Applied
Biosystems). A standard curve was prepared using known concentrations (i.e., copy numbers) of
ACH-2 DNA to determine the number of copies of viral RNA present in the cultures. The
primers were used at 900 nM and the probe at 250 nM.
To detect HIV infection efficiency, the cells (5×105 cells/sample) were washed three
times with cold PBS and then resuspended in 1 mL DNA-STAT 60 (Tel-Test, TX) to extract the
DNA. Next, 0.2 m L chloroform was added and the sample was vortexed for 15 s econds. The
sample was then centrifuged at 12,000 × g for 15 minutes at 4 ºC. Following the centrifugation,
the aqueous phase containing the DNA was collected and an equal volume of cold isopropanol
was added. The mixture was incubated for 5 minutes at room temperature. Afterwards, the
mixture was centrifuged at 12,000 × g for 10 minutes at 4 º C to precipitate the DNA. One
volume of 75% ethanol was added to the DNA pellet followed by brief vortexing and subsequent
centrifuged at 7,500 × g for 5 minutes at 4 ºC. The fluid was decanted and the remaining DNA
pellet was dried and then resuspended in 1 mM EDTA (pH 7). The DNA was used as template
for qPCR using the primers and probe for GAPDH (Applied Biosystem; VIC-TAMRA-labeled;
Lot. NO.: 4310884E-1003044; worked as endogenous control) and HIV reverse-transcriptase
described above with TaqMan Universal PCR Master Mix. PCR conditions were the same as that
described above.
To detect the HIV viral RNA in the cytosol or on t he cell membrane, the cells were
infected or cultured with HIV as indicated in each experiment and then collected to isolate total
RNA using RNA-STAT60 (Tel-Test, TX) according to the manufacturer’s protocol, except that
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following precipitation of the RNA with isopropanol, the centrifugation time was increased to 45
minutes to fully precipitate the total RNA. The resulting RNA preparation was treated with
DNase I (DNA-free; Ambion, Inc.) to remove contaminating DNA. Purifed RNA was reversetranscripted into cDNA using random primer and SuperScript III reverse transcriptase as
directed. Subsequently, the cDNA was used as template for qPCR using the primers and probe
for GAPDH (endogenous control) and HIV reverse-transcriptase described above with TaqMan
Universal PCR Master Mix. PCR conditions were the same as that described above.
To detect HIV integration, the cells were washed three times with cold PBS. The DNA
was extracted following the protocol described above. Subsequently, the isolated DNA was used
as template for quantitative real time Alu-PCR with the following primers and probe for HIV and
human genome (forward primer: 5'-TCTGGCTAACTAGGGAACCCA-3', reverse primer: 5'CTGACTAAAAGGGTCTGAGG-3',

probe:

5'-FAM-

TTAAGCCTCAATAAAGCTTGCCTTGAGTGC-3') as directed. Meanwhile, GAPDH was also
detected using the same DNA as template as endogenous control. PCR conditions were the same
as that described above.
To detect the mRNA expression of specific proteins, the total RNA was isolated from the
cells using RNA-STAT60 (Tel-Test, TX) following the protocol described above. The isolated
RNA was reverse-transcripted into cDNA using oligo(dT) (Invitrogen) and SuperScript III
reverse transcriptase as directed. Subsequently, the cDNA was used as template for qPCR with
the following primers and probe for TNFα (Applied Biosystem; FAM-labeled; Lot. NO.:
Hs00174128_m1), CD32 (Applied Biosystem; FAM-labeled; Lot. NO.: Hs00269610_m1),
CD21 (Applied Biosystem; FAM-labeled; Lot. NO.: Hs00153398_m1), CXCL13 (Applied
Biosystem; FAM-labeled; Lot. NO.: Hs00922245_m1), CXCR5 (Applied Biosystem; FAM-
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labeled; Lot. NO.: Hs00540527_m1), and GAPDH with TaqMan Universal PCR Master Mix.
PCR conditions were the same as that described above.
Enzyme-linked immunosorbent assay (ELISA)
To detect HIV p24 production, the cell-free tissue culture supernatant was collected and
the production of p24 was detected using an HIV-1 p24 antigen ELISA kit (ZeptoMetrix
Corporation, USA) following the directions provided. Briefly, viral particles were lysed with
lysis buffer and then they were added to a washed plate coated with an antibody towards the HIV
p24 antigen. After incubating for 2 hour s at 37 ºC, the plate was washed and the HIV-1 p24
detector antibody was added followed by incubation at 37 ºC for 1 hour. Afterwards, the plate
was washed and the secondary horse radish peroxidase (HRP)-conjugated antibody was added.
After incubating for 30 minutes at 37 ºC, the plate was washed and the substrate was added and
allowed to react for 30 minutes after which the reaction was stopped. The absorbance at 450 nm
was detected on an ELISA reader.
To detect HIV p24 in the cytosol or on the cell membrane, cells were infected or cultured
with HIV as indicated in each experiment and then the cells were collected to isolate whole cell
protein. The whole cell protein was extracted by suspending the cell pellet in RIPA lysis buffer
(50 mM Tris-HCl (pH7.4), 1% CHAPS, 250 mM NaCl, 0.5% Triton X-100, 1% Igepal CA-630,
1 mM DTT, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF, 4 mM EDTA, protease inhibitor cocktail
(Roche, USA)) and vortexing for 60 sesconds. The mixture was then incubated on ice for 45
minutes and homogenized with a small gauge needle by drawing 3 times. After homogenizing,
the mixture was centrifuged at 14,000 × g for 10 minutes at 4 ºC to collect the supernatant (the
whole cell protein). HIV p24 was detected by HIV-1 p24 antigen ELISA kit (ZeptoMetrix
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Corporation, USA) following the protocol described above using the extracted proteins
(containing HIV proteins).
To detect TNFα production, the cell-free supernatant fluid from the cultured cells was
collected and the quantity of TNFα produced was detected using the RayBio® Human TNFalpha ELISA Kit (RayBiotech, Inc.) following the directions provided with the kit. Briefly, the
cell-free supernatant fluid was collected from the culture and added to the washed plate coated
with an antibody against human TNFα. After incubating for 2.5 hours at room temperature, the
plate was washed and a biotinylated detector antibody was added and incubated at room
temperature for 1 hour. Subsequently, the plate was washed and HRP-conjugated strepavidin was
added. After incubating for 45 minutes at room temperature, unbound HRP-strepavidin was
removed and TMB substrate was added to react for 30 minutes at room temperature. The
reaction was stopped and the absorbance at 450 nm was detected on an ELISA reader.
To detect CXCL13 production, the cell-free supernatant was collected and the quantity of
CXCL13 produced was detected by the Quantikine® Human CXCL13/BLC/BCA-1
Immunoassay kit (R&D system) following the directions provided with the kit. Briefly, the cellfree supernatant fluid from the culture system was collected and added to the washed plate
coated with an antibody against human CXCL13/BLC/BCA-1. After incubating for 2 hour s at
room temperate, the plate was washed and a HRP-conjugated detector antibody was added and
incubated at room temperature for 2 hours. The plate was next washed and the substrate was
added to react for 30 minutes at room temperature. The reaction was stopped and the absorbance
at 450 nm was detected on an ELISA reader.
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Protein isolation
To extract the cytosolic and nuclear proteins, the cells (107 cells/sample) were collected
and washed three times with ice cold PBS. 150 μL Buffer A (10 mM Tris-HCl (pH7.4), 1.5 mM
MgCl2, 10 mM KCl, 2 mM DTT, 0.1% Triton X-100, 2.5 mM NaH2PO4, 1 mM Na3VO4, 1 mM
NaF, 1 mM PMSF, protease and phosphatase inhibitor cocktail) was added to the cell pellet and
inverted gently. The mixture was incubated on ice for 15 minutes and centrifuged at 250 × g for
5 minutes at 4 ºC to discard the supernatant. Next, 100μ L buffer A was added to the cell pellet
again and re-suspended with a syringe with a small gauge needle by drawing up and down 5
times. The mixture was centrifuged at 8,000 × g for 20 minutes at 4 ºC and the supernatant was
cytosolic protein. To extract the nuclear protein, the pellet after cytosolic protein extraction was
re-suspended in 80 μL Buffer B (20 mM Tris-HCl (pH7.4), 1.5 mM MgCl2, 420 mM KCl, 0.2
mM EDTA, 2 mM DTT, 1% Igepal CA-630, 25%(V/V) glycerol, 2.5 mM NaH2PO4, 1 mM
Na3VO4, 1 mM NaF, 1 mM PMSF, protease and phosphatase inhibitor cocktail). The nuclei were
disrupted with a new syringe with a small gauge needle by drawing 5 times. The mixture was
agitated gently at 4 ºC for 50 m inutes and centrifuged at 16,000 × g for 5 m inutes. The
supernatant was nuclear protein.
To extract the whole cell proteins, the cells were collected and washed three times with
ice cold PBS. 150 μL RIPA lysis buffer was added to the cell pellet to extract the whole cell
proteins following the protocol described above. To extract the whole viral proteins, HIV was
washed and concentrated by centrifuging at 60,000 × g for 2 hours. RIPA lysis buffer was added
to the viral pellet to extract the whole viral proteins following the protocol for whole cell protein
isolation.
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Western blot assay
The whole viral proteins, whole cell proteins, nuclear proteins, or cytosolic proteins were
mixed with 4 × loading buffer (250mM Tris-HCl (pH8.8), 4% (W/V) SDS, 4% (V/V) betametcaptoethanol, 40% (V/V) glycerol, 0.01% (W/V) bromophenol blue) and incubated at room
temperature. After the 20-minute inubation, the mixture was incubated at 100 ºC for 5 minutes.
The proteins were separated by SDS-PAGE and transferred to Hybond-C or Hybond-P
membrane (Amershan Life Science). After blocking in TBS with 5% non-fat milk for 2 hours at
room temperature, the membrane was incubated with the primary antibody (rabbit anti-human
p105/p50 (Abcam), rabbit anti-human p65 ( Abcam), rabbit anti-human IκBα (Abcam), rabbit
anti-human phosphorylated IκBα (S32 and S36) (Abcam), rabbit anti-human GAPDH (Abcam),
rabbit anti-human β-actin (Abcam), rabbit anti-human ubiquitin (Pierce), goat anti-human A1AT
(Bethyl), rabbit anti-human IKK alpha (Abcam), rabbit anti-human proteasome 19S S4 (Abcam),
rabbit anti-human proteasome 20S alpha and beta (Abcam), mouse anti-human clathrin (Abcam),
rabbit anti-human cullin 1 (Abcam), rabbit anti-human β-TRCP2 (Abcam), rabbit anti-human
Skp1 (Abcam), rabbit anti-human E1 ubiquitin activating enzyme (Abcam), rabbit anti-human
ubiquitin (lys-48 specific) (Millipore), rabbit anti-human ubiquitin (lys-63 specific) (Millipore),
mouse anti-human low density LRP (Abcam), rat anti-human LAMP1 (Abcam), rat anti-human
LAMP 2 (Abcam), mouse anti-human CD120a polyclonal antibody (TNFR1, Beckman Coulter),
rabbit anti-human Rab 4 (Abcam), rabbit anti-human Rab 5 enzyme (Abcam), rabbit anti-human
UbcH5 (Abcam), goat anti-human gp120 (Abcam), goat anti-human gp41 (Abcam), mouse antihuman CD4 (Immunotech), mouse anti-human CCR5 (Pharmingem), mouse anti-human CXCR4
(B&D), mouse anti-human TLR4 (Abcam), mouse anti-human CD32 (Immunotech), mouse antihuman CD21 (Immunotech), mouse anti-human CXCR5 (R&D), rabbit anti-human p50
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polyclonal antibody (Millipore), rabbit anti-human p65 pol yclonal antibody (Millipore), rabbit
anti-human β-actin polyclonal antibody (Upstate), or rabbit anti-human phosphorylated c-Jun
(Ser73) polyclonal antibody (Millipore-Upstate)) in TBS with 5% non-fat milk for 2 hour s at
room temperature. Next, the membrane was washed three times in TBS with 0.1% Tween-20 and
5% non-fat milk. After washing, the membrane was incubated with the HRP-linked secondary
antibody (donkey anti-rabbit IgG-HRP (Jackson), mouse anti-rat IgG-HRP (Jackson), donkey
anti-goat IgG-HRP (Jackson) or rat anti-mouse IgG-HRP (Jackson)) in TBS with 5% non-fat
milk. Lastly, the membrane was washed in TBS with 0.1% Tween-20 and 5% non-fat milk and
then developed using an ECL Advance Western Blotting Detection Kit (GE Healthcare).
Semiquantitation was performed with a phosphorimager.
Immunoprecipitation and IKK Protein Kinase Activity Assays
The whole cell proteins were extracted by treating cells with 200 µL IκB kinase (IKK)
CE buffer (10 mM HEPES-KOH, pH 7.4, 250 mM NaCl, 1 mM EDTA, 0.5% Igepal CA-630,
0.2% Tween 20, 2 mM dithiothreitol, 1 mM PMSF, 20 mM β-glycerophosphate, 10 mM NaF, 0.1
mM Na3VO4 and protease inhibitor cocktail). Equal amounts of cytosolic extracts were incubated
with 1 µg of IKKα antibody (Abcam) for 2 hours at 4 °C and then incubated with protein A/Gconjugated agarose beads for 1 hour at 4 °C. After the beads were washed twice with IKK CE
buffer and once with Kinase Buffer (20 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl2, 2
mM dithiothreitol, 1 mM PMSF, 20 mM beta-glycerophosphate, 10 mM NaF, 0.1 mM Na3VO4),
purified IKK was incubated with 20 µL Kinase Buffer containing 20 µM ATP and 0.5 µ g of
bacterially expressed NF-κB inhibitor α subunit (IκBα) (Santa Cruz Biotechnology) substrate at
37 °C for 30 m inutes. The reaction mixture was separated by SDS-PAGE and IκBα or
phosphorylates IκBα was detected by Western blotting.
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NF-κB DNA binding activity assay
The DNA binding activity of NF-κB was detected using an NF-κB Family Transcription
Factor Assay Kit (Chemicon international) following the provided directions. Briefly, the nuclear
or cytosolic protein was added to the plate coated with the κB binding sequence (5'GGGACTTTCC-3') and incubated for 1 h our at room temperature. After washing three times,
the primary antibody (rabbit anti-human p65 or p50) was added and incubated for 1 hour at room
temperature. Next, the plate was washed three times and incubated with sthe econdary antibody
(anti-rabbit IgG-HRP) for 30 minutes at room temperature. After washing three times, the
substance was added and incubated for 30 minutes to stop the reaction. The absorbance at 450
nm was detected.
Immunoprecipitation assay
The whole viral proteins, whole cell proteins, nuclear proteins, or cytosolic proteins (1
mg, 1 mg/mL) were mixed with protein A/G agarose beads (100 μL) and incubated for 1 hour at
4 ºC. The beads were next centrifuged to collect the supernatant fluid without non-specific
binding proteins. Afterwards, a specific antibody was added to the supernatant fluid and
incubated at 4 ºC for 2 hours. Next, protein A/G beads (100 μL) were added and the mixture was
incubated for 1 hour at 4 ºC. The mixture was centrifuged to collect the beads. The beads were
then washed three times with lysis buffer. 4 × loading buffer was added to the beads and boiled
for 10 minutes. Subsequently, the mixture was centrifuged for 5 minutes at 3,000 × g a t 4 ºC.
The supernatant fluid was collected for SDS-PAGE and detected by Western blotting.
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Pulse-Chase Assay for the half-life of IκBα or ubquitinylated IκBα at K48 or K63
HIV-infected cells (2×106 cells/sample) were incubated in the presence or absence of
AAT or stimulus for 24 hours. The cells were collected and washed 2 times with 3 mL
methionine-free RPMI 1640 medium supplemented with 10% dialyzed FBS. Methionine-free
RPMI 1640 medium supplemented with 10% dialyzed FBS (2 mL) was added to the cells and
incubated for 1 hour. The cells were next collected and treated with 1 mL of 200 μCi/mL
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S-

labeled methionine supplemented methionine-free RPMI 1640 medium with 10% dialyzed FBS.
The cells were incubated for another 10 minutes and the radioactive medium was removed. The
cells were washed three times with 3 mL of 4 mM methionine supplemented methionine-free
RPMI 1640 medium with 10% dialyzed FBS and then cultured in 2 mL of the same medium for
a specific time (as showed in each experiment). After the incubation, the cells were collected and
washed three times with ice cold PBS. The whole cell protein was extracted following the
protocol described above. The isolated whole cell proteins were mixed with protein A/G agarose
beads to carry out immunoprecipitation assay using IκBα antibody, following the protocol
described above. Subsequently, the precipitated IκBα was divided into two aliquots. One aliquot
was resuspended in 4 × loading buffer and boiled for 10 minutes to separate by SDS-PAGE. The
radioactivity (total IκBα) was detected with a phosphorimager. Meanwhile, the other aliquot was
resuspended in RIPA lysis buffer and boiled for 10 minutes to release protein A/G beads from
the IκBα antibody and the IκBα complex. Next, the mixture was centrifuged to remove the
beads. The supernatant fluid containing total IκBα was treated with the site-specific antibody to
polyubquitin linked at K48 or K63 at 4 ºC for 2 hours. After incubation, protein A/G beads were
added and incubated for 1 hour at 4 ºC and centrifuged to collect the beads. After the beads were
washed three times with RIPA lysis buffer, they were resuspended in 4 × l oading buffer and
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boiled for 10 minutes prior to separation using SDS-PAGE and the radioactivity was detected
with a phosphorimager.
Assay of 20S proteasome activity
The activity of the 20S proteasome was detected in vitro following the manual (20S
proteasome activity assay kit, Chemicon international). Briefly, the cell lysate containing 20S
proteasome or immunoprecipitation-purified (anti-19S or anti-20S) 20S preteasome was mixed
with the substrate in the kit. After 2 hours incubation at 37 °C, the fluorescence was quantified
using a 380/460nm filter set in a fluorometer. Higher fluorescence indicated higher 20S
proteasome activity.
Biotinylation or Alexa Fluor® 488 conjugation of AAT
AAT was biotinylated using an EZ-link® sulfo-NHS-LC-Biotinalation kit (Pierce)
following the protocol provided. Briefly, Sulfo-NHS-LC-Biotin was added to AAT and then
incubated for 2 hours on i ce. After incubation, excess Sulfo-NHS-LC-Biotin was washed by
passing the mixture through the provided column. The biotinylated AAT was washed off the
column and collected to measure the level of biotin incorporation following the protocol
provided. In addition, AAT was conjugated with Alexa Fluor® 488 dye following the protocol in
the provided manual (Alexa Fluor® 488 protein Labeling Kit, Invitrogen). Briefly, Alexa Fluor®
488 carboxylic acid, TFP ester, bis (triethylammonium salt) was added to AAT and then
incubated at room temperature for 1 hour. After incubation, the labeled AAT was separated and
collected by size-exclusion chromatography. The level of Alexa Fluor® 488 w as detected
following the instruction in the manufacturer’s provided protocol.
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Confocal microscopy
The cells were treated with Alexa Fluor® 488-labeled AAT as shown in each experiment.
Non-internalized AAT was removed by washing three times with PBS and then the cells were
subjected to fixation using 4% paraformaldehyde in PBS. After fixation, the cells were plated on
glass slides and the green fluorescence was detected using an Olympus Confocal Microscope.
The image was constructed by overlaying multiple pictures taken at different places in the “Z”
axis.
In vitro ubiquitinylation
The cells (5×107) were collected and washed three times with ice cold PBS. Lysis buffer
(10 mM Tris-HCl (pH7.4), 1.5 mM MgCl2, 10 mM KCl, 2 mM DTT, 0.1% Triton X-100, 2.5
mM NaH2PO4, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF, protease inhibitor cocktail) was added
to the cell pellet and inverted gently. The mixture was then incubated on ice for 15 minutes and
centrifuged at 250 × g for 5 minutes at 4 ºC to discard the supernatant. Next, lysis buffer was
added to the cell pellet and resuspended with a syringe with a small gauge needle by drawing 3
times. The mixture was centrifuged at 10,000 × g for 30 minutes at 4 ºC to collect the cytosolic
proteins. The cytosolic proteins were incubated with protein A/G agrose beads to pre-clean the
cytosolic proteins. After pre-cleaning, the specific antibody (IKKα, E1, UbcH5, Skp1, Cul1, or
β-TRCP2 antibody) was added to precipitate the protein complexes (IKK, E1, E2 or E3
complex). Meanwhile, the pre-cleaned cytosolic proteins were treated with a phosphorylated
IκBα antibody to remove phosphorylated IκBα. Next, the pre-cleaned cytosolic proteins without
phosphorylated IκBα were incubated with an IκBα antibody to precipitate the IκBα complexes.
To purify ubiquitin, the pre-cleaned cytosolic proteins were run through a 10KD filter to collect
the flow-through. Subsequently, a ubiquitin antibody was added into the flow-through to
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precipitate ubiquitin. After obtaining the IKK complex, IκBα, E1 complex, E2 complex, E3
complex, and ubiquitin, 0.5 µg recombinant IκBα (Santa Cruz Biotechnology) or purified IκBα
was incubated with the purified IKK complex in Kinase Buffer containing 20 µM ATP at 30 °C
for 30 m inutes to phosphoylate IκBα in vitro. Subsequently, the purified E1, E2, E3, and
ubiquitin were added to the mixture. Meanwhile, 10 mM ATP/50 µM ZnCl2/2 mM DTT were
also added to ubiquitinylate IκBα in vitro in the presence or absence of AAT. The
phosphorylation and ubiqitinylation of IκBα were detected by Western blotting.
RNAi
Cells were incubated in CM with 10% FBS. One day before transfection, the cells were
grown in the medium without antibiotics. Specific or control siRNA was diluted into OptiMEM® I reduced serum medium without serum and mixed gently. DNA-Lipofectamine 2000
was also diluted into Opti-MEM® I reduced serum medium without serum and mixed gently.
After 5 m inutes incubation at room temperature, the diluted siRNA and DNA-Lipofectamine
2000 were combined and incubated for 20 m inutes at room temperature. Subsequently, the
mixture was added to the cells and mixed gently. After 6 hours incubation at 37 °C, the medium
was removed and normal CM with serum and antibiotics was applied. The transfected cells were
incubated for protein expression assay.
Cellular membrane receptor identification
Cells were washed with cold PBS and incubated with AAT for 1 hour at 4 ºC. Excess
AAT was washed off and 3mM dithiobis succinimidylpropionate (DSP, Thermo Scientific) was
added and incubated for 30 minutes to stabilize the interaction between AAT and cellular
membrane proteins. Next, the reaction was stopped by treating with 10-20 mM Tris buffer and
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the membrane proteins were extracted with a membrane protein extraction kit (BioVision)
following the provided protocol. The isolated membrane proteins were incubated with the AAT
antibody to precipitate the proteins interacting with AAT. The precipitated proteins were
separated by SDS-PAGE and the specific protein bands were cut and digested with the
sequencing grade modified trypsin (Promega). The digested peptides were identified by peptide
mass fingerprinting assay using the high performance liquid chromatography-mass spectrometry
system (HPLC-MS) (QSTAR or Orbitrap) as described below.
Viral membrane receptor interaction identification
HIV was washed and concentrated by centrifuging at 60,000 × g for 2 hours at 4 ºC.
Concentrated virus particles were then incubated with AAT for 1 hou r at 4 ºC and DSP was
added and incubated for 30 m inutes to stabilize the interaction between AAT and viral
membrane proteins. Next, the reaction was stopped by t reating with Tris buffer and the viral
proteins were extracted following the whole viral protein extraction protocol described above.
The isolated viral proteins were incubated with the AAT antibody to precipitate the proteins
interacting with AAT. Subsequently, the precipitated proteins were separated by SDS-PAGE and
the specific protein bands were cut and digested with the sequencing grade modified trypsin
(Promega). The digested peptides were identified by peptide mass fingerprinting assay using the
HPLC-MS system (QSTAR or Orbitrap) as described below.
In-gel digestion for peptide mass fingerprinting assay
The proteins were separated by SDS-PAGE and the appropriate bands were cut for
peptide mass fingerprinting assay. Briefly, the gel bands were washed with 50% acetonitrile and
50 mM ammonium bicarbonate and then dried in a steriled hood. Next, the dried gel bands were
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reduced with DTT (75 mM) and alkylated with iodoacetamide (0.3 M) in 100 mM ammonium
bicarbonate. The gel bands were then digested with Promega sequencing Grade Modified
Trypsin for 8 hour s and the digestion reaction was stopped by f ormic acid. The digested gel
bands were sonicated for 20 minutes and pulse-centrifuged to collect the digested peptides.
Subsequently, the digested peptides were analyzed on the HPLC-MS system (Applied Biosystem
API QSTAR pulsar I LC/MS system or Thermo scientific LTQ XL Orbitrap LC/MS system).
The protein was identified by searching the specific mass spectrum in the Mascot database.
In-gel filter-aided sample preparation (FASP) or FASP for peptide mass fingerprinting
assay
The proteins were separated by SDS-PAGE and the appropriate bands were cut. The
collected gel bands were then transferred to a P1000 tip and centrifuged into a tube. Next, the gel
pieces were loaded into a P200 tip to be further shredded by centrifugation. The shredded gels
were then destained by treating with 50% acetonitrile/4 M urea/ 50 mM Tris buffer (pH8.5) for
25 minutes and transferred into a 30KD filter tube to remove the destaining solution by
centrifugation. Next, the shredded gel was treated with 8 M urea/ 100 mM Tris/0.1 M DTT
buffer (pH8.5) (to break the disulfide bond) or 8 M urea/100 mM Tris buffer (pH8.5) (to
maintain the disulfide bond). After DTT treatment, the gel pieces were treated with 8 M urea/100
mM Tris/50 mM iodoacetamide buffer (pH8.5) (to maintain the disulfide bond, I would skip this
step). Next, the gel pieces were incubated with 50mM ammonium bicarbonate and then digested
with the Promega sequencing grade modified trypsin for 24 hour s. The digestion reaction was
stopped by formic acid. The peptides were analyzed on the HPLC-MS system. The proteins were
identified by searching the specific mass spectrum in the Mascot database.
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Detection of HIV reverse-transcriptase activity
HIV-infected CD4+ T cells (106 cells) were collected and washed three times with ice
cold PBS. Next, 50 µL lysis buffer (50 mM Tris (pH 7.9), 500 mM NaCl, 1% Triton X-100, 2
mM PMSF, 20% glycerol, 1 m M DTT and protease inhibitor cocktail) was added to the cell
pellet and vortexed for 60 seconds. The mixture was then incubated on ice for 45 minutes and
homogenized with a small gauge needle by drawing 3 t imes. After homogenizing, the mixture
was centrifuged at 14,000 × g for 10 minutes at 4 °C to collect the supernatant containing HIV
reverse transcriptase. Subsequently, the supernatant was treated with DNase I to remove
contaminating DNA. The activity of HIV reverse transcriptase was detected using an EnzChek®
Reverse Transcriptase Assay Kit (Invitrogen) following the provided directions. Briefly, the
poly(A) ribonucleotide template was mixed with the oligo d(T)16 primer and incubated at room
temperature. After the 1-hour incubation, the mixture was diluted by 200-fold with the RNasefree water and then aliquoted (20 µL/sample). 5 µL samples diluted in dilution buffer (50 mM
Tris-HCl, 20% glycerol, 2 mM DTT, pH 7.6) was then added and incubated at 25°C for 60
minutes. At the end of incubation, 2 µL of 200 mM EDTA was added to stop the reaction. Next,
the PicoGreen reagent diluted in Tris-EDTA buffer was added to the mixture and incubate for 5
minutes at room temperature. FITC fluorescence (excitation ~480 nm, emission ~520 nm) was
then measured and the fluorescence value of the control was subtracted from the sample signals.
Statistical analysis
Analysis of data was performed using Student t test. P values of ≤ 0.05 were considered
significant. Unless specifically stated, the error bars indicate the standard error of the means
(SEM).
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Studies using human cells/tissues
Studies using blood or tissue-derived cells obtained from humans were reviewed and
approved by an appropriate institutional review board.
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RESULTS
AAT suppression of HIV infection, HIV replication, and HIV trapping and maintenance
on FDCs is difficult to study in vivo due to the inherent difficulties in using human beings as
manipulable experimental models. To study these complex interactions, in vitro models have
been developed (5-7, 47, 55-61, 88-90). In this dissertation, cultures of primary human CD4+ T
cells and tonsillar FDCs were used as t he working models to test whether AAT inhibited HIV
infection, HIV replication, and HIV trapping and maintenance on FDCs.
Section I: Transcription factors and HIV replication
In infected cells, HIV replication is tightly regulated by the activation of transcription
factors (34). The U3 region of the HIV LTR contains a number of binding sites for cellular
transcription factors, including NF-κB (98, 99). Thus, I first investigated which transcription
factor(s) was/were most essential for HIV replication. To achieve this goal, I produced
recombinant human immunodeficiency virus with mutations at the transcription factor binding
sites within the 3'-LTR. This was accomplished by transfecting HEK293T cells with the pLETLAI vector (coding for the envelope of HIVLAI) and vectors encoding envelope deficient HIV
with wild type or mutated LTRs, generously provided by Drs. Vicente Planelles and Alberto
Bosque in the Department of Pathology at the University of Utah (Figure 1A). Following
transfection of HEK293T cells, varying amunt of p24 and viral RNA were observed (Figures 1B
and 1C). To determine the effect(s) of mutated LTRs on virus integration and virus p24
production as a measure of virus replication, activated primary CD4+ T cells were infected with
the recombinant viruses (Figure 2). I first sought to determine if the mutated LTRs had any
affect on HIV integration, regardless of the presence of FDCs or FDC supernatant that will
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increase HIC replication in infected CD4+ T cells ( the mechanism will be diusccused below)
(Figures 2A, 3B, ans 3D). No significant differences were noted in the amount of integrated
virus regardless of the type of mutation in the LTR. However, when HIV replication and the
production of p24 were assessed, the effects of the various mutations became evident regardless
of the presence of FDCs or their supernatant (Figures 2B, 3A, and 3C). The most severe
decrease in HIV production occurred when virus without an SP-1 binding site was monitored and
this was only slightly more impactful than the mutation in both of the NF-kB binding sites (p <
0.05). The absence of AP-2, which was found in the middle of the NF-kB sites, was also
apparent (p < 0.05). Similar virus production was observed with the other mutations. Thus, these
data indicated that the transcription factors SP-1, AP-2, and NF-κB played an essential role in
HIV replication.
Section II: FDCs and HIV/AIDS pathogenesis
FDCs increased HIV replication by producing TNFα to activate CD4+ T cells
through the NF-κB signaling pathway (This section was copyrighted by the American Society
for Microbiology for my paper published on the Journal of Virology (2009, Volume 83, page
150 to page 158, DOI: 10.1128/JVI.01652-08) and I got the permission from the Journal of
Virology (License Number: 2860901498845; License date: Mar 02, 2012) to use the materials
in my PhD dissertation). FDCs are one of the major reservoirs of HIV in the human body and
they trap and retain HIV in an infectious form for months (5, 7, 55, a nd 61). FDCs also upregulate the expression of CXCR4 on CD4+ T cells that increases the ability of these cells to be
infected by X4-tropic HIV (57). Moreover, FDCs produce the chemokine CXCL13 that attracts
both T and B cells into the GCs, where they exist adjacent to FDCs. FDCs also trap HIV and
increase the possibility of CD4+ T cells to be infected by this virus (57). There is also evidence
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suggesting that FDCs provide signals that trigger infected cells to produce more viruses;
however, the molecular mechanism remains unclear (6, 51, and 52). To determine whether FDCs
contributed to HIV replication, I co-cultured FDCs with in vitro HIV-infected primary CD4+ T
lymphocytes and measured the resulting p24 and viral RNA production (Figure 4). The results
revealed that a significant increase in HIV p24 and viral RNA production was detected when
FDCs were cocultured with HIV-1IIIB-infected, PHA- and IL-2- stimulated primary CD4+ T cells
(p < 0.05), even though these FDCs do not become infected themselves (91, 92). To determine
whether the FDC signaling that increased HIV transcription was soluble or membrane bound,
infected CD4+ T cells were incubated with FDCs, FDCs separated from CD4+ T cells by a
semipermeable membrane (Transwell; 3.0-µm; Corning, NY), or a cell-free supernatant fluid
from FDC cultures (6 days incubation) (Figure 4). The results indicated that the FDC
supernatant fluid and FDCs in the transwells recapitulated the effect of intact FDCs, as measured
by both quantitative viral RNA levels (Figure 4A) and p24 protein production (Figure 4B) (p <
0.05).
Because TNFα is known to be a major activator of NF-kB that in turn activates HIV
transcription and is also important in the development and maintenance of FDCs (93-97), the
supernatant fluid from FDC cultures was examined to determine if soluble TNFα was present.
Moreover, TNFα mRNA expression in FDCs was also detected by quantative real time reversetranscription PCR (qRT-PCR). The tonsillar FDCs expressed and produced TNFα, but this
varied from sample to sample with the mean concentration equaling 154 pg/mL (Figure 5). I
also found that the addition of 167 pg/ml recombinant TNFα to infected CD4+T cells
recapitulated the effect of FDCs or their supernatant in viral RNA generation and p24 production
(Figure 6) (p < 0.05). To confirm that FDC-produced TNFα mediated the observed increase in
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HIV production, I cultured infected CD4+ T cells in the presence or absence of FDCs, FDC
supernatant, recombinant TNFα, or soluble TNF receptor fusion protein (TNFR-Ig) to block
endogenously produced TNFα (Figure 6). The results demonstrated that the addition of TNFRIg completely inhibited the signal present in FDCs or FDC supernatant (p < 0.05), confirming the
role of FDC-produced TNFα in increasing HIV transcription and virus production. TNFR-Ig was
also able to block the signaling from recombinant TNFα (p < 0.05). Furthermore, control
irrelevant mouse immunoglobulin did not substantively affect the production of p24 or viral
RNA (Figure 6). Together these results indicated that FDCs secreted TNFα that increased HIV
production in in vitro-infected CD4+ T cells.
Because TNFα is the quintessential activator of NF-κB (100), I reasoned that FDCproduced TNFα would induce an increased level of activated NF-κB p50 and p65 in the infected
CD4+ T cells incubated with FDCs or their supernatant. Therefore, I cultured FDCs and infected
T cells as b efore, isolated the nuclear and cytoplasmic fractions of the infected T cells and
monitored the NF-κB components (Figure 7). I observed increased nuclear translocation of both
p50 and p65 a nd corresponding decreases of the cytoplasmic concentrations of these NF-κB
components. Furthermore, I observed an increase in the DNA binding activity of NF-κB p65 and
p50 when the HIV-infected CD4+ T cells were cultured with FDCs, FDC supernatant, or
recombinant TNFα (Figure 8) (p < 0.05). Moreover, TNFR-Ig blocked the increase of nuclear
translocation and DNA binding activity of NF-κB p65 and p50 (p < 0.05). In contrast, the use of
an irrelevant control antibody had no effect upon DNA binding of NF-κB p65 and p50 (Figure 7
and Figure 8).
In the cytosol, NF-κB p65 and p50 are bound by their inhibitor, IκBα (100). When TNFα
binds to the TNF receptor (TNFR), IκBα kinase (IKK) is activated to phosphorylate IκBα on
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serine residues 32 a nd 36. After phosphorylation, IκBα is ubiquitinylated on residue K21 and
K22 and polyubiquitinylated at residue K48 of linked ubiquitin. Next the polyubiquitinylated
IκBα at K48 was degraded by the 26S protesome to release NF-κB p65 and p50. Subsequently,
free NF-κB p65 and p50 translocates into the nucleus and binds to the DNA binding sites to
trigger targeted gene expression (101). The results above demonstrated that FDC-produced
TNFα increased the nuclear translocation and DNA binding activity of NF-κB p65 and p50.
However, these results could not eliminate the possibility that FDCs also increased the
expression of TNFR or IKK in CD4+ T cells to further activate NF-κB. Thus, I investigated
whether FDCs interfered with the expression of TNFR and IKK. To achieve this goal, I cocultured FDCs, FDC supernatant fluid, or recombinant TNFα with CD4+ T cells to detect the
expression of TNFR and IKK. The results revealed that FDCs, FDC supernatant fluid, and
recombinant TNFα did not obviously alter the overall expression of TNFR and IKK. However,
the amount of phosphorylated IKKα in the cells increased dramatically, which suggested that the
activation of IKK was up-regulated by t he presence of FDCs, FDC supernatant fluid, or
recombinant TNFα (Figure 9A). To further confirm that FDCs, FDC supernatant fluid and
recombinant TNFα increased the activity of IKK, I precipitated the IKK complex using an
IKKα-specific antibody and then incubated this IKK complex with recombinant IκBα to detect
the phosphorylation of IκBα. The results demonstrated that the activity of the IKK complex was
much higher in the CD4+ T cells cultured with FDCs, FDC supernatant fluid, or recombinant
TNFα (Figure 9B). Therefore, these results suggested that FDC-produced TNFα triggered the
activation of IKK and NF-κB without interfering with the overall expression of TNFR and IKK.
Subsequently, activated NF-κB mediated the increase of HIV replication in HIV-infected CD4+
T cells.
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FDCs trapped and maintained HIV through FDC-CD32 and FDC-CD21. FDCs trap
and maintain antigens in the form of immune complexes comprised of specific antibody/antigens
and/or complement proteins in the secondary lymphoid tissue (38, 41-44, 67, and 102). Previous
studies in our lab have revealed that FDCs maintain HIV and protect these viruses from
degradation for many months without being infected (5, 6, 55, and 61). However, the molecular
mechanism for this “protection” is unclear yet. To investigate whether AAT inhibited HIV
trapping and maintenance on F DCs, I determined how FDCs trapped HIV and maintained its
infectious nature. FDCs were co-cultured with HIV-1IIIB in the presence of fresh human serum
(to provide complement proteins) and HIV-specific antibody (mouse anti-gp120 antibody; to
form immune complexes with HIV). The binding of HIV-1IIIB to FDCs was measured using
qPCR and ELISA to detect viral RNA and p24, respectively. The results indicated that FDCs
bound the highest quantity of HIV-1IIIB when fresh human serum and HIV antibody were present
(~ 5% increase in the presence of human serum, 25% increase in the presence of mouse gp120
antibody, and 36% increase in the presence of both fresh human serum and gp120 antibody) (p <
0.05) (Figures 10A and 10B). To investigate how long FDCs maintained HIV infectivity, at the
end of the incubation, these FDCs were also co-cultured with activated primary CD4+ T cells to
determine whether the trapped viruses were still able to transmit infection. The results revealed
that FDCs still trapped numerous viruses even after a 6-week incubation (6%, 11%, 16%, 22%,
41%, 52%, and 70% decrease after 1, 2, 3, 4, 5, and 6 weeks incubation, respectively) (p < 0.05)
(Figures 10A and 10B). However, the infectivity of these trapped viruses disappeared after 5weeks of incubation even in the presence of fresh human serum and HIV antibody. Moreover,
the presence of HIV-specific antibody and human serum prolonged the infectivity of the trapped
viruses (less than 2 weeks for control group, less than 3 weeks for the group with human serum,
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less than 5 weeks for the group with mouse gp120 antibody, and less than 5 weeks for the group
with both human serum and mouse gp120 antibody). At the same time point, the viruses from the
group with human serum and HIV antibody maintained a higher level of infectivity as indicated
by the increased amounts of p24 and viral RNA present after infection (p < 0.05) (Figures 10C
and 10D). These results indicated that FDCs trapped HIV, regardless of the presence of antibody
and human serum. However, these trapped HIV viruses could not maintain their infectivity
unless they were in the form of immune complexes on FDCs. Even in the form of immune
complexes, FDCs could not maintain 100% of the infectivity of trapped HIV. Furthermore, these
results also suggested that HIV antibody and complement proteins helped FDCs trap more HIV.
Moreover, complement proteins increased the trapping of HIV and contributed to the
maintenance of trapped HIV mediated by virus-specific antibody.
Because gp120 loss or shedding from an HIV particle is a contributing factor to the
elimination of HIV infectivity (24, 25, 103, and 104), I postulated that the decreasing infectivity
of FDC-trapped HIV, regardless of the formation of HIV immune complexes, was related to the
shedding of gp120 from gp41 on HIV. Virus propagated in macrophages differs from the same
virus produced in CD4 T cells in that gp160 is not cleaved into gp120 and gp41 in the
macrophage (S. Gartner, personal communication). Therefore, to test this hypothesis, I
propagated HIV-1Bal or HIV-1IIIB in activated primary human CD4+ T cells or macrophages and
then characterized the expression of gp120/p41 in these produced viruses. As expected, HIV-1Bal
produced from macrophages contained only gp160, whereas HIV-1Bal and HIV-1IIIB produced
from CD4+ T cells contained both gp120 and gp41 (Figure 11). Because HIV-1Bal produced
from macrophages contained only full length gp160 instead of gp120 and gp41 due to the lack of
proteolytic cleavage of gp160, the dissociation of gp120 from gp41 that could lead to a loss of
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infectivity would not occur in macrophage propagated HIV-1Bal. I then co-cultured FDCs with
these viruses and measured the ability of each to maintain their infectivity. The results showed
that there was no obvious difference in the pattern of FDC trapping of HIV-1IIIB produced from
CD4+ T cells, HIV-1Bal produced from CD4+ T cells, and HIV-1Bal produced from macrophages
(Figure 12A and 12B). However, FDC-trapped HIV-1Bal produced from macrophages still
maintained infectivity after 6 weeks incubation. In contrast, T cell produced virus with noncovalently associated gp120 and gp41 lost its infectivity within 5 weeks when trapped on FDCs
(Figure 12C and 12D). Moreover, FDCs also trapped HIV-1Bal produced from macrophages and
maintained their infectivity after 6 weeks of incubation, even without the presence of HIV
antibody (gp120 antibody) and complement proteins (human serum). However, the trapping and
maintenance characteristic of HIV-1bal produced from CD4+ T cell was similar with that of HIV1IIIB (Figure 13 and Figure 14). Collectively, these results suggested that the shedding of gp120
from HIV played an important role in the loss of viral infectivity and suggested that FDCtrapping of HIV immune complexes likely decreased gp120 shedding thereby protecting the
virus from degradation.
The results above indicated that the presence of HIV-specific antibody and human serum
increased virus trapping and maintenance of HIV infectivity on FDCs. Because FDCs trap
immune complexes including viruses using CD32 and CD21, the data suggested that FDC-CD32
and FDC-CD21 might play an important role in HIV trapping and maintenance. To clarify
whether CD32 and/or CD21 were necessary in this process, FDC-CD21 and/or FDC-CD32 were
blocked with specific antibody or knocked-down with specific siRNA and the trapped virus was
then characterized (Figure 16 and Figure 17). The results indicated that CD32 and CD21
siRNA specifically knocked-down the expression of FDC-CD32 and FDC-CD21 within 3 days
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(Figure 15). FDCs with CD32 or CD21 siRNA treatment trapped less HIV-1IIIB (about 22% and
9% decrease for CD32 and CD21 siRNA treatment, respectively) (p < 0.05). FDCs with both
CD32 and CD21 siRNA treatment trapped much less HIV-1IIIB (about 26% decrease) (p < 0.05)
(Figure 16A and 16B). Moreover, FDCs with CD32 or CD21 antibody treatment also trapped
less HIV-1IIIB (about 21% and 10% decrease for mouse CD32 and CD21 antibody treatment,
respectively) (p < 0.05). FDCs with both CD32 and CD21 antibody treatment also trapped much
less HIV-1IIIB (about 23% decrease) (p < 0.05) (Figure 17A and 17B). When we co-cultured
these virus-binding FDCs with CD4+ T cells to detect the infectivity of trapped HIV-1IIIB, the
results demonstrated that their infectivity decreased sharply after treatment with CD32-specific
antibody or siRNA (p < 0.05). Furthermore, CD21-specific antibody or siRNA also slightly
inhibited the infectivity of the FDC-trapped viruses (p < 0.05) (Figure 16 and Figure 17). The
infectivity of trapped HIV-1IIIB could not be detected within 2 weeks if FDCs were treated with
CD32 siRNA. I also could not detect the infectivity within 1 week when FDCs were treated with
CD32 and CD21 siRNA simultaneously. Moreover, CD21 siRNA treatment alone also slightly
decreased the infectivity (p < 0.05) (Figure 16C and 16D). At the same time point, the viruses
from the group with CD32 and/or CD21 siRNA treatment maintained lower infectivity (p < 0.05)
(Figure 16C and 16D). Additionally, I could not detect the infectivity within 3 weeks if FDCs
were treated with anti-CD32. When FDCs were treated with CD32- and CD21- specific
antibodies, I also could not detect the infectivity within 2 w eeks. Furthermore, anti-CD21
treatment alone only slightly decreased the infectivity (p < 0.05) (Figure 17C and 17D). At the
same time point, the viruses from the group treated with anti-CD32 and/or anti-CD21 also
maintained lower infectivity (p < 0.05) (Figure 17C and 17D). These results suggested that
FDC-CD32 increased the trapping of HIV and played an important role in maintaining the
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infectivity of trapped HIV. Moreover, these results suggested that FDC-CD21 might also
contribute to this process.
FDCs activation contributed to HIV/AIDS pathogenesis. Recent reports reveal that
FDC activation plays a pivotal role in antigen trapping. Moreover, FDC activation also results in
increased expression of cell receptors and the production of cytokines that might be helpful for
HIV transmission (43, 44). Therefore, I investigated whether FDCs might be activated in vitro
and whether activated FDCs trapped more HIV and maintained higher infectivity than FDCs
with no activation. To achieve the first goal, isolated FDCs were stimulated with
lipopolysaccharide (LPS) or HIV immune complexes pre-formed by incubating HIV in the
presence of gp120-specific antibody. The results demonstrated that LPS and HIV immune
complexes significantly increased the expression of FDC-CD32 (p < 0.05), which played an
essential role in HIV trapping and maintenance of viral infectivity (Figure 18A and 18C).
Moreover, FDC-CD21 expression was also up-regulated with the treatment of LPS, which also
contributed to HIV trapping and maintenance (p < 0.05) (Figure 18A and 18B). When these
FDCs were treated with anti-CD32 or anti-CD21, the results demonstrated that CD32-specific
antibody completely blocked the increased expression of FDC-CD32 that would be expected
upon incubation with HIV immune complexes (p < 0.05) (Figure 18). Furthermore, the results
also revealed that LPS significantly increased NF-κB p50 and p65 nuclear translocation and
down-regulated the accumulation of phosphorylated IκBα in the cytosol. This increase in
activated NF-κB was not blocked by CD32 or CD21 antibody treatment. Moreover, LPS a nd
HIV immune complexes did not alter the overall expression of NF-κB p50 and p65 and Toll like
receptor 4 (TLR4) (Figure 18 and Figure 19). Additionally, LPS increased TNFα production in
FDCs (p < 0.05) (Figure 20), which played an essential role in mediating HIV replication from
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infected CD4+ T cells. LPS also upregulated CXCL13 expression and production in FDCs (p <
0.05) (Figure 21), which increased the migration ability of CD4+ T cells into the GCs (57, 58).
Furthermore, CD21 and CD32 antibody (IgG) did not alter the activation of FDCs. However, if
FDCs were treated with IgM immune complexes (formed with Chromepure mouse IgM and rat,
IgG antibody directed against mouse IgM), I also detected increased expression of FDC-CD32 (p
< 0.05), which was similar with the results using HIV immune complex treatment (Figure 18,
Figure 19, and Figure 22). These results suggested that CD32-mediated FDC activation was a
result of CD32 receptor aggregation. To detect whether activated FDCs trapped more HIV and
maintained higher infectivity, I co-cultured these stimulated FDCs with HIV-1IIIB to detect the
trapping and maintenance of HIV. The results revealed that activated FDCs trapped more HIV1IIIB and maintained higher infectivity (p < 0.05) (Figure 23). Thus, these results suggested that
FDCs could be activated in vitro through the NF-κB signaling pathway, which in turn mediated
the increased expression and production of FDC-CD32, FDC-CD21, TNFα, and CXCL13.
Furthermore, the CD32 signaling pathway also contributed to FDC-CD32 expression and
production while it had no obvi ous effect on FDC-CD21, TNFα, and CXCL13 expression and
production. Moreover, in vitro activated FDCs trapped more infectious HIV and maintained the
infectivity of these viruses.
Section III: AAT and HIV infection
Recent studies report that the C-terminal fragment of AAT inhibits HIV infection (8, 9,
and 105). In this dissertation, I first sought to investigate whether full-length AAT also inhibited
HIV infection. Activated primary CD4+ T cells were therefore cultured in the presence or
absence of 5 mg/mL AAT for 1 hour and then infected with HIV-1IIIB without removing AAT.
After infection, the cells were washed to remove unbound viruses and AAT. Subsequently, the
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cells were treated with trypsin to remove un-internalized HIV-1IIIB and then incubated at the
same condition as before HIV infection to detect the integration of viral DNA. Because the
concentration of AAT at 5 mg/mL occurs in inflammatory subjects and is thus physiologically
relevant and AAT at this concentration clearly inhibits HIV replication (68, 69, and 88), I
selected this concentration for the remainder of our experiments. The resultant viral DNA
integration was monitored using quantitative real time Alu-PCR (Figure 24). As expected,
CD4+ T cells with AAT pre-treatment had much less viral DNA integrated into the host genome
in comparison to untreated CD4+ T cells, regardless of the removal of un-internalized HIV-1IIIB
(about 50% lower) (p < 0.05) (Figure 24A). However, the integration of viral DNA did not
change substantively if the activated primary CD4+ T cells were infected first and then cocultured with AAT (Figure 24B). I also tested the effect of AAT on viral DNA integration using
primary R5 and X4 isolates of HIV, HIV-192US714 and HIV-191US054, respectively with similar
results to those seen with HIV-1IIIB (Figure 25). Thus, these results suggested that full length
AAT inhibited HIV infection and that the inhibition was not mediated by bl ocking the
integration of viral DNA into the host genome.
HIV infection includes the entry of HIV into the host cell, the reverse transcription of
HIV viral RNA in the host cell, and the integration of HIV viral DNA into the host genome (14,
15, 20, 24, 25, 29, 31, a nd 32). The results above demonstrated that AAT did not interfere with
the integration of HIV DNA into the host genome. Thus, I reasoned that AAT might inhibit HIV
entry or viral RNA reverse transcription. To test whether AAT blocked the activity of HIV
reverse transcriptase and thereby inhibited viral RNA reverse transcription, activated primary
CD4+ T cells were incubated in the presence or absence of AAT and then infected with HIV-1IIIB
without removing AAT. After infection, unbound viruses and AAT were removed and the cells
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were cultured in the presence or absence of trypsin to remove un-internalized viruses. Following
trypsin treatment to remove extracellular virus, the cells were incubated as before. Subsequently,
the activity of viral reverse transcriptase in these CD4+ T cells was measured (Figure 26). The
results showed that the activity of HIV reverse transcriptase in AAT-pretreated CD4+ T cells
was much lower than that in the untreated CD4+ T cells (about 50% lower) (p < 0.05) (Figure
26A). However, in the absence of preincubation with AAT, the activity of the viral reverse
transcriptase appeared to be the same regardless of whether or not AAT was added after viral
entry (Figure 26B). Moreover, AAT also had a si milar effect in the cells infected with the
primary isolates HIV-192US714 and HIV-191US054 (Figure 27).
Next, I sought to determine whether AAT inhibited HIV entry into CD4+ T cells (Figure
28). The results indicated that the amount of non-internalized HIV-1IIIB (i.e., that in the
supernatant fluid) was almost identical regardless of the presence or absence of AAT (Figure
28A and 28B). In contrast, the entry of HIV-1IIIB into AAT-pretreated CD4+ T cells was
decreased by about two-fold, regardless of trypsin treatment (p < 0.05) (Figure 28C and 28D).
Furthermore, AAT also inhibited the entry of primary isolate HIV-192US714 (R5) and HIV-191US054
(X4) into CD4+ T cells, without interfering with the binding of viruses on the cells (Figure 29
and Figure 30). Collectively, these results indicated that the inhibitory effect of AAT on HIV
infection was associated with the entry of HIV into CD4+ T cells.
I then sought to determine the mechanism of AAT-mediated inhibition of HIV entry into
CD4+ T cells. One possible mechanism was that AAT down-regulated the CD4 receptor, the
CXCR4 co-receptor, or the CCR5 co-receptor on the target cells to mediate lower amounts of
virus internalization into the cells. To test this hypothesis, activated primary CD4+ T cells were
treated with AAT and the expression of CD4, CCR5, and CXCR4 was measured by Western
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blotting at different time points. The results revealed that AAT had no obvious effect on t he
expression of CD4, CCR5, and CXCR4 in CD4+ T cells (Figure 31). Thus, the inhibitory effect
of AAT on HIV entry was not mediated by altering the expression of CD4, CCR5, or CXCR4
receptors on CD4+ T cells. Another possible mechanism was that AAT interacted with CD4,
CCR5, or CXCR4 receptors to interfere with the interaction between HIV and the host CD4+ T
cells. To test this hypothesis, activated primary CD4+ T cells were incubated with AAT and
unbound AAT was removed. Subsequently, the cross-linker, DSP, was added to stabilize the
interaction between the host CD4+ T cells and AAT. Cellular membrane proteins interacting
with AAT were precipitated using AAT-specific antibody and separated by S DS-PAGE. The
specific bands on t he gel were identified by peptide mass fingerprinting assay. The results
revealed that the AAT antibody-precipitated complex did not contain CD4, CCR5, or CXCR4
(Figure 32). Therefore, AAT inhibition of HIV entry was not mediated by interacting with CD4,
CXCR4 and CCR5 on t he cell membrane to block the interaction between HIV and the host
CD4+ T cell. A third possible mechanism of action was that AAT interacted with HIV envelope
proteins to inhibit the interaction between virus and the cells. To examine this hypothesis, HIV1IIIB was incubated with AAT and then DSP was added to stabilize the interaction between HIV
and AAT. Viral membrane proteins interacting with AAT were also precipitated using AATspecific antibody and separated by SDS-PAGE. The specific bands on the gel were identified by
peptide mass fingerprinting. The results revealed that the AAT antibody-precipitated complex
contained both gp120 and gp41 (Figure 33A). When HIV-1IIIB was co-cultured with AAT and
DSP was added, gp120 and gp41 were also detected in the AAT antibody-precipitated viral
membrane proteins by Western blotting (Figure 33B). Furthermore, if HIV-1IIIB was co-cultured
with AAT and gp120-specific antibody was added to immunoprecipitate the complex, I also
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detected that AAT associated with HIV (Figure 33C). Similar results were obtained using the
primary isolates HIV-192US714 (R5) and HIV-191US054 (X4) (Figure 34). Co-culture of AAT with
recombinant gp41 or gp120 followed by immunoprecipitation revealed that AAT only interacted
with gp41 directly (Figure 33D). Collectively, these results suggested that AAT inhibited HIV
entry into CD4+ T cells by interacting with the HIV membrane protein gp41, thereby inhibiting
the interaction between the virus and CD4+ cells.
Section IV: AAT and HIV replication (This section was copyrighted by the American
Association of Immunologists, Inc. (Copyright 2011. The American Association of
Immunologists, Inc.) for my paper published on the Journal of Immunology (2011, Volume
186 No. 5, page 3148 to page 3155, DOI: 10.4049/jimmunol.1001358) and I got the permission
from the Journal of Immunology to use the materials in my PhD dissertation.)
Recent studies report that AAT inhibits HIV replication (10, 11). The results in section II
also demonstrated that FDCs increased HIV-1 replication by producing TNFα that in turn
activated the NF-κB signaling pathway thereby inducing HIV transcription and virus production
in the infected lymphocytes. Because AAT is reported to decrease HIV replication in infected
monocytic cells and PBMCs in a manner that decreased NF-κB activation (83, 88), I postulated
that AAT might also inhibit FDC-mediated HIV transcription and virus production. Activated
primary CD4+ T cells were therefore infected with HIV-1IIIB in vitro and co-cultured with FDC
supernatant fluid, which contained TNFα to activate NF-κB. Subsequently, AAT was added to
these cultures, and the resultant virus replication was monitored as before. As expected, FDC
supernatant fluid increased viral RNA and p24 production in infected T cells (p < 0.05) (Figure
35). In comparison to untreated T cells, AAT significantly decreased viral RNA and p24
production in these infected CD4+ T cells, regardless of the presence of FDC supernatant fluid (p
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< 0.05). I also compared infected T cells co-cultured with intact FDCs or with FDC supernatant
fluid and found both FDC preparations equally capable of increasing HIV production. AAT
inhibited virus production under both conditions (p < 0.05) (Figure 35). I also tested the effect of
AAT on HIV replication in infected CD4+ T cells using an R5 (92US714) or X4 (91US054)
primary isolate of HIV. AAT inhibited HIV replication of the primary isolates regardless of the
tropism of the virus isolate, and this effect persisted in the presence or absence of FDC
supernatant (p < 0.05) (Figure 36). These results indicated that AAT inhibited HIV replication
using both primary and laboratory-adapted HIV isolates.
Because FDCs and their supernatant fluid increased HIV transcription and virus
production by increasing the activation of NF-κB, and AAT is associated with inhibiting NF-κB
activation in HIV-infected promonocytic U1 cells (11), I reasoned that AAT might inhibit FDCmediated HIV replication by blocking the nuclear translocation of NF-κB induced by FDCTNFα. Because NF-κB activation is the result of the activation of IKK, I first detected the
expression and activity of IKK with the treatment of FDC supernatant and AAT. The results
demonstrated that FDC supernatant increased the amount of phosphorylated IKKα. Moreover,
FDC supernatant also increased IKK activity while it did not interfere with the overall expression
of IKKα obviously (p < 0.05). The addition of AAT had no obvious effect on IKK expression
and activation (Figure 37). Meanwhile, I also detected decreased amount of the lower band of pIKKa in the whole cell protein. The possible explanation for this was that I loaded a slightly
different amount of whole proteins because the amount of all p-IKKa and β-actin was lower in
whole proteins. Next, CD4+ T cells were infected with HIV and cultured as before with FDC
supernatant fluid in the presence or absence of AAT, and the nuclear translocation and DNA
binding activity of NF-κB p50 and p65 were detected on whole cell, cytoplasmic, and nuclear
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lysates of these cells (Figure 38). As expected, the infected T cells cultured with FDCsupernatant demonstrated an increased nuclear translocation and DNA binding activity of NF-κB
p50 and p65 w hile simultaneously showing a d ecreased cytoplasmic concentration of these
components. In the cultures that contained AAT with or without FDC supernatant, decreased
nuclear translocation and DNA binding activity of NF-κB p50 and p65 was observed (p < 0.05).
Meanwhile, I also observed decreased amounts of nuclear NF-κB and increased amounts of
cytoplasmic phosphorylated IκBα when AAT was present (Figure 38). To determine whether the
phosphorylated IκBα remained bound to the NF-κB p50 and p65 complex in the cytoplasm, the
infected CD4+ T cells were cultured and lysed as before and subjected to immunoprecipitation
using an antibody directed against IκBα (Figure 39). These results showed that NF-κB still
associated with IκBα if AAT was present. Together, these results suggested that AAT blocked
HIV replication by i nhibiting NF-κB activation, which was not mediated by inhibiting the
phosphorylation of IκBα.
Next, I determined whether AAT blocked NF-κB activation by inhibiting the
ubiquitinylation of phosphorylated IκBα by culturing cells as before and subjecting the cell
lysates to immunoprecipitation using an ubiquitin-specific antibody (Figure 39). The results
revealed that AAT treatment did not block the ubiquitinylation of phosphorylated IκBα, which
still associated with the NF-κB components p65 and p50. AAT also appeared to induce the
accumulation of phospho-ubiquitinylated IκBα, p65, and p50 in the cytosol. These results were
consistent with the rapid degradation of phospho-ubiquitinylated IκBα in the absence of AAT. In
the cells exposed to FDC supernatant, the presence of AAT also increased the accumulation of
IκBα, p50, and p65 in the cytosol. Furthermore, when the ubiquitin-precipitated complexes were
probed for ubiquitin, I also detected numerous proteins, indicating that ubiquitination was

43

ongoing and was not nonspecifically blocked by A AT (Figure 39). Collectively, these data
suggested that although IκBα was both phosphorylated and ubiquitinated, it did not appear to be
degraded normally, thereby resulting in IκBα accumulation in the cytosol along with the NF-κB
components p50 and p65.
I further reasoned that if AAT inhibited the degradation of IκBα, its half life should be
increased. Therefore, I cultured infected CD4+ T cells with AAT and monitored IκBα decay in a
pulse-chase experiment (Figure 40). In the cells incubated without AAT, in the presence or
absence of FDC supernatant, IκBα was degraded to undetectable levels between 60 and 90
minutes. However, in the presence of AAT, IκBα decay was almost completely blocked, with
detectable levels persisting for at least 32 hours. Therefore, AAT appeared to inhibit NF-κB
activation in HIV-infected target cells by interfering with IκBα degradation with resultant
blockade of the nuclear translocation of the p50/p65 NF-κB heterodimer.
Because AAT appeared to inhibit NF-κB activation by blocking the downstream process
of IκBα phosphorylation and ubiquitination, I next sought to determine whether AAT inhibited
the enzymatic activity of the 26S proteasome, composed of 20S and 19S subunits, which
degrades phosphorylated and ubiquitinylated IκBα (106). Infected CD4+ T cells were again
cultured with or without AAT, the cells were lysed, and the proteasome complex was
immunoprecipitated using the antibody specific to the 20S subunits or 19S subunits. The
enzymatic activity of the 20S proteasome in the cell lysate, immunoprecipitated complex using
either 20S subunit-specific antibody or 19S subunit-specific antibody was then measured. The
results indicated that there was no significant difference between the cultures with or without
AAT treatment (Figure 41). Thus, AAT did not appear to inhibit the activity of proteasome.
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Conjugation of polyubiquitin to target proteins occurs via linkage to different lysine
residues on ubiquitin, and the linkages used can affect the fates of the targeted proteins (107,
108). When the target protein is conjugated via ubiquitin lysine residue 48 (K48), the molecule is
targeted for proteasomal degradation, whereas ubiquitin conjugation via lysine residue 63 (K63)
does not result in degradation of the protein (109). To determine whether IκBα
polyubiquitination occurred via residue K48 or K63, I precipitated the IκBα complex with IκBα
antibody in the presence or absence of AAT and performed immunoblotting using ubiquitin
linkage-specific antibodies (Figure 42A). In the presence of AAT, I saw a shift from conjugation
of ubiquitin molecules through residue K48 to linkage with K63 and this intensified between 24
and 72 h ours incubation. Concomitantly, an increase in phospho-IκBα was observed, as seen
previously. Thus, it appeared that the mechanism of AAT-mediated inhibition of NF-κB nuclear
translocation was mediated by a ltering the polyubiquitination pattern of phospho-IκBα, which
resulted in decreased degradation of this NF-κB inhibitor.
To determine if the altered ubiquitination patterns resulted in a prolonged half-life of
IκBα observed previously, I performed a pulse-chase experiment with a double
immunoprecipitation, first with an IκBα-specific antibody, and then, after releasing IκBα from
the beads, antibodies specific for ubiquitin linked via residue K48 or K63 (Figure 42B).
Consistent with the hypothesis that a prolonged half-life was associated with increased ubiquitin
linkage with K63, IκBα with ubiquitin conjugated via K48 was not observed after 120 minutes in
the presence of AAT, whereas in the same cultures, K63 ubiquitinated-IκBα persisted for at least
32 hours. Collectively, these data indicated that AAT prolonged the half-life of IκBα by shifting
the pattern of IκBα ubiquitination from a predominant K48 linkage to a K63 linkage.
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I also examined the ability of AAT to affect NF-κB activation with a variety of stimuli
that activate NF-κB in addition to FDC supernatant and with or without HIV infection (Figure
43). Although the overall degree of activation varied somewhat between cells activated with
different stimuli, AAT consistently decreased the nuclear translocation of p50 a nd p65 i n both
the presence and absence of HIV infection. I also precipitated IκBα in the presence and absence
of

HIV

infection

to

determine

whether

HIV

affected

AAT-mediated

differential

polyubiquitination. Similar band intensities were observed regardless of the presence of HIV,
and the kinetics of altered ubiquitination followed the same pattern as seen above (Figure 43).
Next, I investigated whether exogenous AAT was internalized by CD4+ T lymphocytes.
HIV-infected CD4+ T cells were therefore cultured with AAT or biotin-labeled AAT, after
which the cells were harvested and examined for the presence of AAT in the nucleus and
cytoplasm. The results demonstrated that AAT was present in each of these cellular
compartments. When infected CD4+ T cells were cultured with Alexa Fluor® 488-labeled AAT
and then examined for the presence of AAT by confocal microscopy, I also detected the presence
of AAT in these cells (Figure 44). To ensure that virus detected on the confocal microscope was
internalized and not residing on t he surface of the cells, I treated them with trypsin to remove
non-internalized virus but this did not alter the detection of fluorescent AAT. When I treated
uninfected CD4+ T cells with fluorescently-labeled AAT, similar results were also obtained
(Figure 45). Thus, these results are consistent with AAT internalization in the primary CD4+ T
cells.
To further characterize the internalization of AAT and determine if it’s associated with
components of the NF-κB complex, we performed immunoprecipitation using a specific
antibody to AAT or IκBα followed by immunoblotting (Figure 46). The results indicated that
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AAT formed a complex with phospho-IκBα and the p50/p65 components of NF-κB. Moreover,
when IκBα was precipitated, I detected AAT only when it was exogenously added, indicating
that there was no detectable endogenous intracellular AAT. Next, I explored the possibility that
AAT inhibited proteasomal degradation of IκBα as a mechanism of cytoplasmic retention. As
shown in Figure 45, pr ecipitation of the 19S and 20S proteasome subunits failed to detect the
presence of AAT or components of the NF-κB complex. When I performed pulse-chase
experiments to detect the kinetics of AAT entry and half-life, I found that it could be detected
within 30 minutes of treatment and persisted inside the cells for at least 72 hours in Figure 44.
Immunoprecipitation of IκBα revealed that the association of IκBα with AAT was detected
within 3 hours and remained in association for at least 72 hours. These data were consistent with
the entry of exogenous AAT into the cell and its association with the NF-κB-IκBα complex,
leading to interference with IκBα proteasomal degradation.
Next, I sought to determine the molecular mechanism of AAT internalization. Because
most mammalian cells uptake extracellular particles and proteins through an endocytic process, I
also investigated whether AAT internalization was an endocytic process in CD4+ T cells. To test
this hypothesis, infected CD4+ T cells were pretreated with a broad-spectrum endocytosis
inhibitor, methyl-beta-cyclodextrin, and then examined for AAT internalization. The results
showed that methyl-beta-cyclodextrin pretreatment blocked AAT internalization (Figure 47).
Because the endocytic process is comprised of one of two major categories, clathrin-dependent
and clathrin-independent endocytosis (110), I a lso investigated whether the internalization of
AAT was clathrin-dependent or independent. To answer this question, CD4+ T cells were
pretreated with a clathrin-depedent endocytosis inhibitor (chlorpromazine) or caveoli-dependent
endocytosis inhibitors (filipin and nystatin) after which they were examined for the ability to

47

internalize AAT. The results demonstrated that chlorpromazine pretreatment completely blocked
the internalization of AAT while filipin or nystatin pretreatment had no obvious effect (Figure
47). These results suggested that AAT internalization in CD4+ T cells was a clathrin-dependent
endocytosis process.
Although CD4+ T cells internalized AAT through an endocytic process, it was unclear
whether intracellular or extracellular AAT exerted the inhibitory effect on NF-κB activation and
HIV replication. To investigate this, infected CD4+ T cells were pretreated with methyl-betacyclodextrin, chlorpromazine, filipin, or nystatin and their effects on the activation of NFκBp65/p50 were determined in the presence or absence of AAT. I also examined concomitant
effects on H IV replication as assessed by H IV p24 a nd viral RNA (Figure 48). As expected,
AAT inhibited NF-κB activation by blocking p65 and p50 nuc lear translocation. AAT also
suppressed HIV replication (p < 0.05). Methyl-beta-cyclodextrin and chlorpromazine
pretreatment completely blocked the inhibitory effect of AAT on NF-κB activation and HIV
replication (p < 0.05) whereas filipin and nystatin pretreatment had no obvious effect. These
results suggested that intracellular AAT exerted the inhibitory effect on NF-κB activation and
HIV replication.
Usually, endocytic processes are mediated by the interactions between membrane bound
receptors and their ligands (111). I n ext sought to identify whether AAT interacted with
membrane receptors on CD4+ T cells to permit its internalization. To identify the membrane
receptors interacting with AAT, infected CD4+ T cells were co-cultured with AAT and the
interaction between AAT and potential membrane receptors was stabilized using DSP to extract
membrane proteins. Subsequently, AAT-specific antibody was added to immunoprecipitate AAT
and any proteins interacting with it. The specific proteins were identified by peptide mass
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fingerprinting assay using a LC-MS/MS system. As shown in Figure 32, AAT interacted with
several membrane proteins on C D4+ T cells. Among these proteins, low-density lipoprotein
(LDL)-receptor-related protein 1 (LRP1) was a promising candidate (112, 113). To identify
whether LRP1 played an essential role in AAT internalization, the receptor was “knocked-down”
using LRP1 siRNA or blocked with LRP1-specific antibody. The results showed that LRP1
siRNA efficiently blocked LRP expression and completely inhibited AAT internalization. LRP1specific antibody also blocked AAT internalization (Figure 49). Furthermore, the results
demonstrated that LRP1 siRNA efficiently eliminated the inhibitory effect of AAT on the
nuclear translocation of NF-κB p65 and p50 and the production of HIV (p < 0.05) (Figure 50).
Because AAT internalization in CD4+ T cells was a c lathrin-dependent endocytosis process, I
next sought to determine whether LRP1 also associated with clathrin to mediate AAT
internalization. To test this postulate, LPR1-, AAT-, or clathrin-specific antibodies were added to
imunoprecipitate their corresponding proteins and the interactions among these proteins were
detected by Western blotting. As expected, the interaction among AAT, LRP1, and clathrin was
detected (Figure 49). Taken together, these results suggested that LRP1 on CD4+ T cells
interacted with AAT and mediated its internalization through a clathrin-dependent, endocytic
process.
Usually, receptor-mediated clathrin-dependent endocytosis mediates the uptake of
extracellular molecules and transports them from the endosome to the lysosome (111). I n the
lysosome, internalized molecules are degradated, recycled back to the cell surface, trafficked to
the organelles, or released into the cytosol (114-116). To investigate how AAT was transported
into the cytosol of CD4+ T cells thereby altering the ubiquitinylation pattern of cytosolic IκBa, I
utilized infected CD4+ T cells that were incubated with AAT for 3 hours. After this incubation,
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any remaining non-internalized AAT was removed. The cytosolic location of AAT was detected
by confocal microscopy. The results demonstrated that AAT was confined to a specific cellular
compartment early and then became distributed homogenously in the cytosol (Figure 51). When
AAT was immunoprecipitated at different time points, the results indicated that AAT associated
with LRP1 and the endosomal proteins, Rab4 and Rab 5, dur ing the first several hours.
Subsequently, AAT associated with the lysosomal proteins, Lamp1 and Lamp2. After a 6-hour
incubation, no interaction was detected between AAT and the lysosome or the endosome but
AAT was distributed evenly in the cytosol (Figure 51). Thus, these results suggested that
internalized AAT might be transported from the endosome to the lysosome and then released or
trafficked into the cytosol.
To confirm that AAT was transported from the endosome to the lysosome and then
released or trafficked into the cytosol, infected CD4+ T cells were treated with BAPTA-AM or
ammonium chloride to block the fusion of the endosome with the lysosome. Subsequently, the
transportation of AAT, the nuclear translocation of NF-κB p65 and p50, a nd the replication of
HIV were monitored. The results indicated that the endosome-lysosome fusion inhibitor,
BAPTA-AM and ammonium chloride, blocked the homogenous distribution of AAT and
confined AAT into a specific cellular compartment (Figure 52). As expected, after BAPTA-AM
and ammonium chloride treatment, AAT was associated with LRP1 and the endosome proteins,
Rab4 and Rab 5, but not the lysosomal proteins, Lamp1 and Lamp2 (Figure 52). Moreover,
BAPTA-AM and ammonium chloride treatment also blocked the inhibitory effect of AAT on the
nuclear translocation of NF-κB p65 and p50 and the replication of HIV (p < 0.05) (Figure 53).
Collectively, these results suggested that LRP1 and clathrin mediated the internalization of AAT
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in CD4+ T cells, and that internalized AAT was transported from the endosome to the lysosome
and then released or transported into the cytosol, where it could interact with cytosloic IκBα.
Although AAT altered the ubiquitinylation pattern of IκBα to inhibit NF-κB activation
and HIV replication, the molecular mechanism remained unclear. I investigated whether the
cytosolic AAT and IκBα directly interacted to exert the observed inhibitory effect. Infected
CD4+ T cells were cultured with AAT for 24 hours and then AAT or IκBα was
immunoprecipitated from the cytosolic proteins. The results demonstrated that AAT associated
with the IκBα complex (Figure 54). In the cytosol, IκBα usually binds to NF-κB p65 and p50 to
block their nuclear translocation (100). Thus, I next determined whether AAT directly interacted
with IκBα, p65, or p50. AAT was therefore incubated with recombinant IκBα. Subsequently,
AAT- or IκBα-specific antibodies were added to immunoprecipitate their respective target
proteins and detect the direct interaction between AAT and IκBα. The results showed that AAT
directly interacted with IκBα in vitro (Figure 54). Meanwhile, I could not detect any direct
interaction between AAT and p65 or between AAT and p50 when AAT was incubated with p65
or p50 (Figure 55).
In T lymphocytes, IκBα is polyubiquitinated through the activity of an E1 ubiquitinactivating enzyme, the Ubch5 E2 ubiquitin-conjugating enzyme, and the Skp1, Cullin 1 (Cul1),
and F-box protein (SCF) β transducin repeat containing protein (β-TrCP2) SCFIκB E3 ligase
complex (100, 101, 117, and 118). Next, I sought to determine whether AAT interacted with the
E1 ubiquitin-activating enzyme complex, the E2 ubiquitin-conjugating complex, or the SCF E3
ligase complex to alter the polubiquitiylation pattern of IκBα. Infected CD4+ T cells were
prepared as before and subjected to immunoprecipitation of the IKK complex, the E1 ubiquitinactivating enzyme complex, or the E2 ubiquitin-conjugating complex (Ubch5) with their
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corresponding specific antibodies. I also precipitated the SCF E3 ligase complex with antibody
directed against Skp1, Cul1, or β-TrCP2. To obtain IκBα, I first removed phosphorylated IκBα
by immunoprecipitation with an antibody against phosphorylated IκBα and then precipitated
IκBα with an antibody to IκBα. To collect ubiquitin, I passed the cell lysate through a 10KD
filter and immunoprecipitated ubiquitin from the flow-through fraction. Subsequently, I cocultured AAT with the immunoprecipitated IKK complex, E1 ubiquitin-activating enzyme
complex, E2 ubiquitin-conjugating complex, SCF-IκB E3 ligase complex, IκBα, or ubiquitin to
detect any potential interactions between them. The results demonstrated that AAT interacted
only with the IκBα complex (Figure 56). I also incubated recombinant IκBα or
immunoprecipitated IκBα with the IKK complex, the E1 ubiquitin-activating enzyme complex,
the E2 ubiquitin-conjugating complex, or the E3 ligase complex to detect the in vitro
phosphorylation and ubiquitinylation of IκBα. In addition, ATP and ubiquitin were added to
initiate the reaction in the presence or absence of AAT (Figure 57A). The results indicated that
AAT had no obvious effect on IκBα phosphorylation. Moreover, AAT did not affect the
polyubiquitinylation of phosphorylated IκBα conjugated through residue K63 (Figure 57B).
However, the presence of AAT blocked the polyubiquitinylation of phosphorylated IκBα
conjugated through residue K48 (Figure 57B and 57C). Together, these results suggested that
cytosolic AAT interacted with phospho-IκBα directly to block its polyubiqutinylation on residue
K48.
Section V: AAT, FDC activation, and HIV/AIDS pathogenesis
The results in section II coupled with previous studies in our lab suggested that FDC
activation played a pivotal role in HIV/AIDS pathogenesis, affecting HIV trapping and
maintenance of infectivity by FDCs, FDC-mediated HIV replication in CD4+ T cells, and CD4+
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T cell migration into GCs (42-44, 47, 55, 60, 89). The results in section II also demonstrated that
FDC activation could be acheived in vitro with specific activators. Moreover, the results in
section IV demonstrated that AAT inhibited NF-κB activation in normal and HIV-infected CD4+
T cells by altering the ubiquitinylation pattern of phosphorylated IκBα. Because FDC activation
involves the activation of the NF-κB complex (42-44), I postulated that AAT also inhibited FDC
activation by suppressing the activation of NF-κB and thereby blocking the contribution of FDCs
to HIV pathogenesis. To test this hypothesis, I first investigated whether FDCs internalized AAT
as CD4+ T cells did. Just as with T cells, fluorescently labeled AAT appeared to be inside FDCs
after incubation (Figure 58). Next, I investigated whether AAT blocked NF-κB activation in
resting or activated FDCs. Ex vivo or in vitro activated FDCs were treated with AAT and the
activation of NF-κB was measured by detecting the nuclear translocation of NF-κB p65 and p50,
the accumulation of phosphorylated IκBα in the cytosol, and the ubiquitinylation pattern change
of phosphorylated IκBα. The results indicated that AAT treatment or pretreatment of the FDCs
inhibited the nuclear translocation of NF-κB p65 and p50. LPS dramatically increased the
nuclear translocation of these proteins, which was inhibited by AAT treatment. However, HIV
immune complexes (pre-formed by incubating HIV in the presence of gp120-specific antibody)
had no obvious effect on the nuclear translocation of NF-κB p65 and p50. Moreover, the
presence of CD32- or CD21-specific antibodies did not interfere with the nuclear translocation of
NF-κB p65 and p50 in resting or activated FDCs (Figure 59). The results showed that AAT
treatment or pretreatment dramatically elevated the amounts of phosphorylated IκBα in the
cytosol, regardless of the treatment of LPS, HIV immune complexes, anti-CD32, or anti-CD21
(Figure 60), consistent with the results in AAT-treated CD4+ T cells. Because AAT inhibited
NF-κB activation by altering the ubiquitinylation pattern of IκBα in CD4+ T cells, I also sought
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to determine whether the ubiquitinylation pattern of IκBα in FDCs was changed by A AT
treatment. Therefore, FDCs or AAT-pretreated FDCs were incubated with AAT, LPS, HIV
immune complexes, anti-CD32, or anti-CD21. The results indicated that AAT dramatically
increased the amounts of ubiquitinylated IκBα conjugated at K63, regardless of the treatment of
LPS, HIV immune complexes, or antibodies to CD32 or CD21. AAT also significantly decreased
the amounts of ubiquitinylated IκBα conjugated to K48 (Figure 61), which was consistent with
the results obtained in AAT-treated CD4+ T cells. The results also demonstrated that the
expression of p65, p50, and TLR4 was not affected by t he treatment with AAT, LPS, HIV
immune complexes, anti-CD32, or anti-CD21 in FDCs or AAT-pretreated FDCs (Figure 62).
These results suggested that FDCs internalized AAT and that it blocked NF-κB activation by
altering the ubiquitinylation pattern of IκBα in FDCs just as we found in primary CD4+ T cells.
Because the results in section II demonstrated that FDC-CD32 played an essential role in
HIV trapping and maintenance and that FDC-CD21 also appeared to contribute to this process, I
next sought to investigate whether AAT inhibited the expression of FDC-CD32 and FDC-CD21
thereby altering the ability of FDCs to trap and maintain the infectious nature of HIV. To test this
hypothesis, the mRNA and protein expression of CD32 and CD21 were detected after no
treatment or AAT-pretreatment of FDCs incubated with LPS, HIV immune complexes, antiCD32, anti-CD21, or AAT. LPS and HIV immune complexes increased FDC-CD32 expression,
which could be blocked by A AT treatment. Moreover, LPS a lso increased FDC-CD21
expression, and this too was suppressed by AAT treatment. Anti-CD32 completely blocked the
increased expression of CD32 that was induced by HIV immune complexes (p < 0.05) (Figures
63 – 65). When these FDCs were incubated with HIV-1IIIB and a gp120-specific antibody and
fresh human serum (source of complement proteins) to detect the trapping of HIV, LPS or HIV
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immune complex-stimulated FDCs trapped more HIV-1IIIB than control FDCs (p < 0.05). AAT
treatment or pretreatment decreased the amount of virus trapped on these FDCs (p < 0.05). If
these FDCs were incubated with HIV-1IIIB, gp120-specific antibody, and fresh human serum in
the presence of LPS, HIV immune complexes, or AAT again (under the same condition as used
previously), HIV trapping decreased even more (p < 0.05). Furthermore, the addition of AAT to
the FDCs also inhibited the infectivity of the trapped HIV (p < 0.05). This infectivity
disappeared within 3 w eeks in the presence of AAT (Figure 66). Thus, it appeared that AAT
could significantly inhibit FDC trapping of HIV and the maintenance of viral infectivity.
The results in section II demonstrated that FDCs increased HIV replication by secreting
TNFα, which activated NF-κB in the infected CD4+ T cells. Moreover, previous studies in our
lab revealed that FDCs attracted GC T cells by producing CXCL13 (58). Thus, I also
investigated whether AAT inhibited the expression and production of TNFα and CXCL13 in
FDCs. FDCs or AAT-pretreated FDCs were incubated with LPS, HIV immune complexes
(preforemed with a gp120-specific antibody and HIV-1IIIB), anti-CD32, anti-CD21, or AAT.
Specific FDC mRNA expression and protein production of TNFα was detected by qPCR and
ELISA respectively (Figures 67 and 68). LPS increased TNFα production (Figure 67) and
TNFα mRNA generation (Figure 68), both of which were inhibited by AAT treatment (p <
0.05). However, incubation of FDCs with HIV immune complexes slightly increased TNFα
expression and production, but this was inhibited by AAT treatment (p < 0.05) (Figure 67 and
Figure 68). The results indicated that LPS u p-regulated CXCL13 expression and production,
which was blocked by A AT treatment (p < 0.05) (Figure 69). Thus, it appeared that AAT
inhibited FDC activation, which in turn affected this cell’s ability to increase HIV replication and
mediate T cell migration into GCs.
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DISCUSSION
Section I: FDCs and HIV/AIDS pathogenesis
Transcription factors and HIV replication: HIV infection if left untreated typically
results in the development of AIDS, which is a major diseaes in the world today (1-3). In its life
cycle, HIV has two principal stages: infection and replication. The infection stage includes the
entry of virus into the host cell, the reverse transcription of viral RNA, its translocation into the
host cell’s nucleus, and its integration into the host genome (12, 23, 29-31). The replication stage
of the virus life cycle begins with the transcription of viral genes leading to the production of
progeny virus. Usually, the replication of HIV is tightly controlled by the activation of cellular
transcription factors including NF-κB, SP1, AP2, and NFAT, which bind to specific sites within
the LTR of the viral genome thereby controlling virus activity (34).
The results I presented in this dissertation indicated that mutation of HIV SP1 and NF-κB
binding sites in the LTR blocked viral replication. Mutation of the AP2 binding sites also
inhibited HIV replication. In mammalian cells, AP2 and SP1 are required for cell survival (119122). NF-κB plays an important role in immune responses, including antibody generation and
cytokine production (123). NF-κB activation is also related to the activation of CD4+ T
lymphocytes, a major target for HIV infection and replication (124). Thus, NF-κB plays a very
important role in HIV replication. It should be noted that the LTR contains additional DNA
binding sites for other transcription factors that were not investigated in this thesis. It w ill be
interesting to investigate the role of these additional DNA binding sites for transcription factors
to determine their contributions to HIV replication.
FDCs, HIV trapping and maintenance: Although tremendous advances have been
made in the treatment of HIV/AIDS, a major obstacle in treatment and eradication is the
56

existence of HIV reservoirs in the human body where the virus is stored in a protected manner.
These reservoirs include latently-infected CD4+ T cells, macrophages and FDCs (7, 125). FDCs
form a large reservoir of infectious and genetically diverse HIV that can perpetuate infection (7).
These cells are located in the GCs of secondary lymphoid tissues, where they interact intimately
with surrounding lymphocytes. In the GCs, FDCs trap and retain large amounts of antigens
including HIV particles, and these are maintained in an infectious form for many months (5, 7,
39-41, 51, and 126). In this dissertation, the results indicated that FDCs trapped more HIV when
HIV-specific antibody and complement proteins were present, suggesting that both antibody and
complement components play an important role in mediating the interactions between HIV
particles and FDCs. The presence of HIV antibody allows the viruse to form immune complexes
(composed of HIV and gp120 antibody), whose Fc portion interacts with FDC-CD32 to mediate
the trapping of HIV on FDCs. Moreover, complement proteins and FDC-CD21 also contribute to
this process. Currently, the role of HIV-specific antibody and complement proteins in HIV
trapping and maintenance on FDCs is somewhat controversial. Some studies suggest that HIV
antibody is essential for HIV trapping and maintenance on FDCs (5, 38, 55, 62-64), while others
report that HIV antibody is not necessary (65). These later reports by several groups suggest that
complement proteins and their degradation products, particularly C3, appear to be important for
virus trapping on FDCs (56, 66, and 67). My results suggest that both HIV immune complexes
with and without complement proteins and FDC-CD32 and FDC-CD21 are important for HIV
trapping. Importantly, FDCs still maintained the capability to trap HIV when CD32 and CD21
were blocked or knocked-down. Moreover, FDCs also trapped HIV even in the absence of HIVspecific antibody and complement proteins. These observations suggest that HIV trapping on
FDCs does not solely depend on the interaction of HIV immune complexes/FDC-CD32 and HIV
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immune complexes/complement components/FDC-CD21.These other unknown interactions that
contribute to HIV binding on FDCs may be an interesting project to pursue in the future.
In addition to mediating virus binding to FDCs, the interaction of viral immune
complexes with FDC-CD32 and FDC-CD21 also plays an important role in maintaining the
infectivity of trapped HIV. In the GCs, FDC-CD32 plays an important role in trapping and
maintaining antigens (62). A previous study from our lab indicates that HIV immune
complexes/FDC-CD32 interactions play an essential role in maintaining the infectivity of HIV as
evidenced by the reduction of this ability when FDC-CD32 is blocked (55). My results also
confirmed that the presence of HIV-specific antibody contributed to maintain the infectivity of
trapped virus and that complement proteins contributed slightly to this process. Moreover, when
FDC-CD32 was knocked-down with specific siRNA or was blocked with specific antibody, HIV
infectivity disappeared rapidly. In contrast, downregulation of FDC-CD21 with specific siRNA
or blocking CD21 with CD21 antibody only slightly decreased the infectivity of trapped virus.
Thus, the interaction of HIV immune complexes/FDC-CD32 is required to maintain the
infectivity of trapped HIV. Moreover, the interaction of HIV immune complexes/complement
proteins/FDC-CD21 contributes to this process. Recent studies reveal that gp120 shedding from
HIV is a contributing factor to the loss of HIV infectivity (24, 25, 103, and 104). I found that
when FDCs were incubated with HIV-1Bal produced in macrophages (which produce HIV gp160
with gp120 a nd gp41 covelently linked and not further processed), all FDC-trapped viruses
maintained their infectivity, regardless of the presence of HIV-specific antibody or complement
proteins. In contrast when the same virus was propagated in T cells (which process gp160 so that
gp120 and gp41are non-covalently associated), the presence of virus-specific antibody and/or
complement proteins was important in FDC-mediated maintenance of virus infectivity. Thus,
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gp120 shedding from HIV appears to play an important role in the loss of infectivity of FDCtrapped HIV-1IIIB. The shedding of gp120 i s reduced if the viruses are in the form of immune
complexes and associated with FDC-CD32. The interaction between HIV immune
complexes/complement proteins and FDC-CD21 may stabilize this process and protect the
shedding of gp120. I envision that FDCs bind HIV immune complexes on multiple dendritic
processes using a number of FDC-CD32 receptors, and that these interactions may physically
constrain gp120 shedding from the viral particles. The binding of HIV-specific antibody to
antigens (e.g., pg120) present on the surface of viral particles permits the association of HIV
particles with FDC-CD32. This association may also inhibit gp120 shedding by creating isolated
regions in which the envelope glycoproteins are trapped between interacting dendritic processes
of FDCs. In this manner, FDCs would thereby block the release of gp120. Alternatively, it may
be that the presence of antibody on the viral envelope coupled with FDCs hinders or prevents the
loss of gp120. Previous data from our lab also indicated that when antibody directed to MHC
proteins present on t he virion surface was present, it maintained viral infectivity as well as
antibody directed to gp120. Therefore, the interaction of HIV immune complexes/FDC-CD32
maintains the infectious ability of these viruses and correlates with a reduced shedding of the
HIV gp120. Additionally, the interaction between HIV immune complexes/complement proteins
and FDC-CD21 may also stabilize this process through an unknown mechanism. Although the
interaction of HIV immune complexes/FDC-CD32 and HIV immune complex/complement
proteins/FDC-CD21 inhibits gp120 shedding from HIV and maintains virus infectivity, the
inhibition is not permanent. In the present thesis, my in vitro results reveal that the infectivity of
FDC-trapped HIV-1IIIB disappeared after 5 w eeks incubation even in the presence of HIV
antibody and complement proteins while almost all FDC-trapped HIV-1Bal viruses still maintain
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their infectivity after 6 weeks incubation. This result suggests that the shedding of gp120 from
HIV is prolonged but not completely blocked in vitro in the presence of HIV antibody and
complement components.
FDCs and HIV replication (This section was copyrighted by the American Society for
Microbiology for my paper published on the Journal of Virology (2009, Volume 83, page 150
to page 158, DOI: 10.1128/JVI.01652-08) and I got the permission from the Journal of
Virology (License Number: 2860901498845; License date: Mar 02, 2012) to use the materials
in my PhD dissertation): In humans, FDCs serve as a resevior of infectious virus that escapes
the effects of neutralizing antibody and contains archived quasispecies that are not found
elsewhere (5, 7). In the GCs, FDCs produce CXCL13 that serves as a chemoattractant for GC T
and B cells (57). FDCs also provide additional signals that increase the expression of CXCR4 on
GC T cells (58). With increased CXCR4 expression, GC T cells are more sensitive to infection
by X4-tropic HIV. Moreover, the interactions between FDCs and CD4+ T-cells trigger the
generation of two regulators of G-coupled protein signaling, RGS13 and RGS16. In T cells, the
expression of these regulators correlates with a decreased migration capability to CXCL12, a
signal outside the GCs that may help GC T cells to invade this site (58). This decreased
migration capability prolongs the time that CD4+ T cells stay in the GCs adjacent to FDCs,
thereby increasing the posibilities of infection by FDC-trapped HIV (58). Moreover, FDCs also
increase HIV transcription and virus production in CD4+ T cells. The increased virus
transcription and production was mediated by the secretion of TNFα from FDCs, which in turn
resulted in the activation of NF-κB.
In my studies, I found that FDCs alone produced enough TNFα to increase HIV
replication in HIV-infected CD4+ T cells. Adding a similar quantity of recombinant TNFα to the
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cultures of infected T cells recapitulated the effect of FDCs or their supernatant. Moreover,
adding this amount of TNFα to the cultures also activated NF-κB in the same manner observed
when FDCs or FDC supernatant were present. Thus, TNFα produced in FDCs is sufficient to
account for the observed increases in HIV replication. It is also possible that the FDC-TNFα
signaling is much more effecient in situ than observed in the in vitro setting where soluble signal
could diffuse throughout the culture medium. The high efficiency of the FDC-TNFα signaling is
due to to the physical proximity of FDC with adjacent cells. Furthermoer, the direct physical
interaction between FDCs and GC T cells would likely transmit HIV, while providing TNFαmediated activation signals to facilitate productive infection of the target cells. Thus, the FDC-Tcell network may be even more significant in vivo than what we observed in vitro.
Additionally, the observation that TNFR-Ig completely blocked the increased HIV
replication induced by F DCs or FDC supernatant fluid further confirms that FDC-produced
TNFα mediated the increase of virus replication in CD4+ T cells. These observations are highly
suggestive and strongly supportive of the concept that FDC signals induce increased HIV
transcription in vivo. The results are also in agreement with those suggesting that GC T cells
from HIV-infected subjects demonstrated a higher frequency of HIV infection than other CD4+
lymphocytes and that these GC T cells produced higher level of viruses than other CD4 T cells
(127, 128). Moreover, these results provide a rational explanation for these observations and
confirm the potential importance of the GC environment, in large part contributed by FDCs, to
HIV/AIDS pathogenesis.
Although it is known that TNFα increases the transcription of HIV, this is the first report
indicating that isolated FDCs produce this cytokine to increase HIV transcription and virus
production in infected CD4+ lymphocytes. The result that FDCs express and secrete TNFα is in

61

contrast to the findings of a report that failed to detect TNFα mRNA in cDNA preparations of
FDCs (129). The reason for this difference is unknown yet, but it may relate to the differences in
isolation and testing procedures as well as the difference of tissue samples. In this thesis, I
persistently detected TNFα-specific mRNA in FACS-sorted FDC preparations. The different
specimens produced levels of TNFα ranging from a low of 79 to a high of 198 picograms per
milliliter and the differences may be related to the local activation status of the tissues from
which the FDCs were isolated. Therefore, FDC-produced TNF-α might play an essential role in
the persistent hyperimmune activation in HIV-infected individuals.
The FDC-mediated increase of HIV replication may play an important role in HIV/AIDS
pathogenesis by ensuring that initial contact of GC T cells with FDC-trapped HIV leads to the
establishment of HIV infection followed by virus expression. Furthermore, infected lymphocytes
at other sites may migrate into the GCs, where they can be activated by FDC signaling to
produce virus expression. Additionally, it may also be interesting to investigate whether
circulating, latently infected T cells that are HIV reservoirs and contact with FDCs could be
activated to express virus. This hypothesis has not yet been tested, but it appears to be a
reasonable consideration due to the observation that TNFα induces latently infected cell lines to
express virus (130). Therefore, FDC-produced TNFα mediates the increase of HIV expression
that explains persisting virus expression in the GCs surrounding FDCs (45, 46, and 52).
FDC activation and HIV: The phenotype of FDCs in primary and secondary follicles is
very different. In secondary follicles, FDCs bear high levels of CD32, ICAM-1, and VCAM-1,
which represent the activated state (62, 90, 131-134). In contrast, in primary follicles, FDCs can
be found by l abeling with anti-CD21, but CD32, ICAM-1, and VCAM-1 levels are low and
difficult to detect, representing the resting or inactive state (62, 132, and 133). Activated FDCs
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play an essential role in antigen trapping including HIV (42-44, 46-49, and 67). The activation of
FDCs builds a microenvironment that is highly conducive to HIV transmission and replication
(48-50). Recent studies reveal that LPS from bacterial transmigration and antigen immune
complexes can both trigger the activation of FDCs and thereby promote specific antibody
production and somatic hypermutation (46, 42-44). In mammalian cells, LPS interacts with
TLR4 and subsequently mediates the activation of NF-κB through a calcium-dependent
mechanism (100). My results demonstrated that FDCs consistently expressed TLR4, regardless
of the stimulation of LPS, which may relate to the state of chronic activation that exists in
tonsillar tissues. LPS treatment activated NF-κB by increasing the nuclear translocation of p65
and p50 i n FDCs and thereby up-regulated the expression of FDC-CD32 and FDC-CD21.
Furthermore, increased expression of FDC-CD32 and FDC-CD21 trapped more HIV and
maintained its infectivity. These results suggest that LPS-mediated FDC activation may play an
important role in trapping HIV and maintaining the infectivity of trapped viruses. Moreover, LPS
also increased TNFα production from FDCs, which can subsequently activate infected T
lymphocytes and increase HIV replication (47). LPS also increased CXCL13 expression in
FDCs, which promotes the migration of T lymphocytes into the GCs thereby increasing their
ability to contact infectious virus trapped on FDCs (58, 135). Thus, LPS-mediated FDC
activation not only participates in the trapping and maintenance of HIV, but creates a
microenvironment that is conducive to virus transmission and replication.
CD32 is generally considered to be an inhibitory receptor and is known to reduce the
functionality of B cells, mast cells, and conventional dendritic cells (136, 137). However, in
tonsillar FDCs, CD32 appears to promote a phenotype associated with FDC accessory cell
activity (43, 44). A recent report indicates that IKK2-dependent signals are critical for immune
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complex-driven induction of VCAM-1 and ICAM-1 expression in FDCs through the canonical
NF-κB pathway. In contrast, p55 TNFR is essential for FDC network formation and
maintenance, which is independent of IKK2 (138). However, the results in this thesis indicated
that HIV immune complexes increased FDC-CD32 expression without interfering with the
activation of the classical NF-κB signaling pathway suggesting that in FDCs, CD32 is not an
inhibitory receptor. It should be noted that HIV immune complexes did not alter the expression
of FDC-CD21, TNFα, and CXCL13. Thus, it will be interesting to investigate further the
molecular mechanism of HIV immune complex-mediated signaling that increases CD32
expression in human FDCs.
Summary: The net result of these FDC contributions to the GC microenvironment is to
create an ideal site where infectious virus, susceptible target cells, and activation signals come
together, thereby maintaining the disease state. A better understanding of FDC contributions to
virus transmission and disease progression will certainly increase our knowledge of HIV
pathogenesis and may be helpful in the design of better intervention strategies that specifically
target the FDC reservoir of HIV.
Section II: AAT and HIV/AIDS pathogenesis
AAT inhibition of HIV infection: Recent studies have demonstrated that the level of
AAT in whole blood may relate to HIV/AIDS pathogenesis. Pre-existing AAT deficiency is
believed to be associated with accelerated HIV progression (10, 139). Studies have revealed that
AAT potently inhibits HIV replication (8, 11, 80-83). When CD4+ T cells were pretreated with
AAT and then infected with HIV, the results demonstrated that CD4+ T cells with AAT
pretreatment produced much less virus than the CD4+ T cells without AAT pretreatment,
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suggesting that AAT interferes with HIV infection. My testing indicated that AAT inhibited HIV
infection by blocking HIV entry into the host CD4+ T cells.
HIV entry into the host cells involves the interaction between HIV gp120/gp41 and host
cell CD4/CXCR4 or CCR5 receptors on the cell membrane (12). Some researchers postulate that
AAT inhibition of HIV entry is related to the interaction between AAT and cell membrane
proteins (105) while others report that the inhibition of HIV entry is related to an interaction
between AAT and viral membrane proteins, such as gp41 (9, 140). My results did not provide
any information as to whether AAT interacts with cell membrane proteins to inhibit HIV entry.
AAT had no obvious effect on C D4, CXCR4 and CCR5 expression in CD4+ T cells. When I
precipitated the cell membrane proteins that might interact with AAT, I detected several
membrane proteins but surprisely no CD4, CCR5, CXCR4, or other HIV infection-related
proteins. When I precipitated HIV associated membrane proteins, I detected a strong interaction
between AAT and the HIV glycoprotein gp160 (composed of gp120 and gp41). When pure
recombinant gp120 or gp41 was incubated with AAT, AAT only directly interacted with gp41.
However, the molecular mechanism whereby AAT interacts with gp41 remains unknown. . The
study of J. Münch et. al. demonstrates that VIRIP, a 20-residue C-proximal sub-fragment of
AAT, can interact with the fusion peptide domain of gp41, thereby interfering with the entry of
HIV into host cells (9, 140). Thus, my data are consistent with the suggestion that AAT may
inhibit virus entry by b inding to gp41 and blocking its ability to interact with the host cell
membrane.
AAT-mediated inhibition of HIV replication (This section was copyrighted by the
American Association of Immunologists, Inc. (Copyright 2011. The American Association of
Immunologists, Inc.) for my paper published on the Journal of Immunology (2011, Volume
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186 No. 5, page 3148 to page 3155, DOI: 10.4049/jimmunol.1001358) and I got the permission
from the Journal of Immunology to use the materials in my PhD dissertation.): In this study, I
reported the ability of AAT to inhibit HIV replication, including that mediated by FDCs. AAT
inhibited NF-κB activation, regardless of the presence of FDC supernatant that contains NF-κB
activator TNFα (47), by prolonging the half-life of IκBα, which in turn remained bound to
cytoplasmic NF-κB. IκBα preservation in the cytoplasm blocked the nuclear translocation of NFκB and its subsequent activation of HIV transcription. Initially, I was surprised by the
observation that AAT decreased nuclear NF-κB while at the same time increasing levels of
cytoplasmic phospho-IκBα. I first postulated that AAT inhibited the ubiquitination of
phosphorylated IκBα, resulting in the continued association of IκBα with NF-κB thereby
blocking the activation of this transcription factor. However, my results indicated that AAT did
not block the ubquitinylation of cytoplasmic phospho-IκBα. I then reasoned that AAT blocked
the proteolytic activity of the 26S proteasome. To my surprise, when intact immunoprecipitated
proteasomes were examined, no AAT-induced depression of the 20S proteolytic activity was
measured, suggesting that AAT did not inhibit NF-κB activation by suppressing proteasome
function. Furthermore, immunoprecipitation of both the 19S and 20S proteasomal subunits failed
to detect AAT association with the proteasome. These data established that AAT blocked IκBα
degradation following phosphorylation and ubiquitination but prior to proteasomal degradation.
In humans, the 8.5-KD ubiquitin molecule contains seven lysine residues.
Polyubiquitination occurs via an isopeptide linkage between the C-terminal glycine residue of an
ubiquitin molecule bound t o a target protein and one of seven lysine residues of additional
ubiquitin molecules that form a polyubiquitin complex. Conjugation of polyubiquitin to target
proteins via linkage to different lysine molecules on ubiquitin can lead to different fates of the
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targeted proteins (101, 108). Polyubiquitinylation at K48 results in the degradation of the target
proteins while polyubiquitinylation at other lysine residues including K63 exerts other cellular
functions, including protein-protein interactions, cell signaling, localization within the cell, and
functional regulation of proteins (107-109). My findings indicated that AAT induced a shift in
the pattern of polyubiquitination of IκBα consisting of a decrease in K48 linkages and a
concomitant increase in polyubiquitination using K63 linkages. These data directly correlated
with a significantly increased half-life of IκBα and the resulting inhibition of NF-κB activation.
In mammalian cells, extracelluar stimuli including TNF-α induce IKK activation that
results in phosphorylation of IκBα on serine residues 32 and 36. Following phosphorylation,
IκBα monoubiquitinylation occurs on residue K21 and K22 that is subsequently
polyubiquitinylated through the activity of the Skp1, Cullin 1, a nd F-box protein (SCF) β
transducin repeat containing protein SCFIκB E3 ligase complex (100, 101). In turn, β-TrCP
ubiquitinylates phosphorylated IκBα at specific lysines in the presence of Ub-activating (E1) and
-conjugating (Ubch5) enzymes. Usually, the SCFIκB E3 ligase complex mediates the
polyubiquitinylation of the target protein using ubiquitin residue K48, which is followed by the
proteasomal degradation of the target protein (101, 117, and 118). In this dissertation, when the
NF-κB/IκBα complex was precipitated using an antibody specific for IκBα, I detected AAT in
the complex. Moreover, AAT directly interacted with recombinant IκBα, not NF-κB (p65 and
p50). AAT also did not interact with the E1 complex, the E2 (Ubch5) complex, and the SCF E3
ligase complex (Skp1, Cullin 1 and β-TrCP). When I detected the in vitro polyubiquitinylation of
phosphorylated IκBα, I found that the presence of AAT totally blocked the polyubiquitinylation
of phosphorylated IκBα at K48 while the polyubiquitinylation of phosphorylated IκBα at K63
did not change obviously. These facts suggested that the direct interaction between AAT and
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IκBα blocked the polyubiquitinylation of phosphorylated IκBα at K48. However, structural
studies are still necessary to clarify the molecular mechanism.
Next, I s ought to determine whether intracellular or extracellular AAT exerts the
inhibitory effect on NF-κB activation and HIV replication. In this thesis, I found that the general
endocytosis inhibitor, methyl-beta-cyclodextrin, completely blocked AAT internalization in
CD4+ T cells. I also found that AAT internalization was blocked after treatment of cells with the
clathrin-dependent endocytosis inhibitor, chlorpromazine. Moreover, methyl-beta-cyclodextrin
and chlorpromazine treatment of the same cells eliminated the inhibitory effect of AAT on NFκB activation and HIV replication. Thus, in CD4+ T cells, AAT internalization is a clathrindependent endocytic process and only intercellular AAT exerts an inhibitory effect on N F-κB
activation and HIV replication. In endothelial cells, intracellular uptake of AAT is also a
clathrin-dependent endocytic process (141, 142). However, some reports suggest that AAT
internalization is caveoli-dependent due to the identification of AAT in the caveolar fraction of
the plasma membrane of endothelial cells (143). My results revealed that the inhibitor of caveolimediated endocytosis, filipin or nystatin, did not block AAT internalization in CD4+ T cells, but
I did not examine endothelial cells in my research. My functional studies also showed that the
caveoli pathway inhibitors did not interfere with the inhibitory effect of AAT on NF-κB
activation and HIV replication. Although I cannot rule out the contributions of nonclathrin or
noncaveoli-mediated endocytosis to the uptake of AAT, the profound effect of specific inhibitory
strategies using chlorpromazine indicated that AAT was primarily internalized via clathrinmediated endocytosis.
Clathrin-dependent endocytosis occurs in almost all mammalian cells and mediates the
internalization of numerous essential nutrients and factors including the cholesterol-laden low-
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density lipoprotein particles that bind to the LDL receptor, and iron-laden transferrin that binds
to the transferrin receptor (144, 145). My results demonstrated that AAT directly interacted with
LRP1 on CD4+ T cells. Furthermore, AAT internalization was completely blocked by L RP1
siRNA and LRP1-specific antibody treatment of CD4+ T cells. In turn, the inhibitory effect of
AAT on NF-κB activation and HIV replication was completely eliminated by LRP1 siRNA and
LRP1 antibody treatment. When I immunoprecipitated AAT, LRP1 or clathrin from the whole
cell lysate using an antibody against AAT, LRP1 or clathrin respectiviely, I detected interactions
among AAT, LRP1 and clathrin. Previously, reports indicated that a cell surface protein, serpinenzyme complex (SEC) receptor, recognized and interacted with AAT on the cell membrane
(146). The recognition and interaction between AAT and SEC mediated the internalization of
AAT in some carcinoma cell lines (147). Here, my results demonstrated that LRP1, one of the
SEC receptors, played an essential role in AAT internalization in CD4+ T cells. Moreover,
several in vitro studies reported that free AAT would be internalized via SEC/LRP-mediated
endocytosis only when AAT formed a complex with its target enzymes (112, 113). However, in
the present study, I detected AAT internalization without the formation of an AAT-enzyme
complex. A possible explanation for the difference was that AAT might interact with target
enzymes on the membrane of CD4+ T cells or in the culture medium to form an AAT-enzyme
complex. In turn, the complex would interact with LRP1 to mediate its internalization. Another
potential explanation was that AAT had no need to form a complex with an enzyme to permit its
internalization in vivo. Regardless of these possible explanations, it is reasonable to conclude that
AAT internalization is predominantly mediated through an LRP1-mediated clathrin-depedent
endocytic process.
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Receptor-mediated endocytosis via clathrin-coated pits is a shared pathway used for the
internalization of a variety of ligand-receptor complexes, including LRP1-ligand (111).
Although there is still uncertainty about many aspects of the endocytic pathways, the general
transportation of internalized protein is from the endosome to the lysosome (116, 148, and 149).
The most common fates of these internalized molecules are degradation or recycling back to the
cell surface. However, many alternate fates are possible such as trafficking to organelles like the
Golgi apparatus or translocation into the cytosol (150, 151). In my research, the results suggested
that AAT associated with the endosome early and then translocated into the lysosome. Moreover,
treatment of cells with an endosome-lysosome fusion inhibitor blocked the transportation of
AAT from the endosome to the lysosome and eliminated the inhibitory effect of intracellular
AAT on NF-κB activation and HIV replication. I also detected that AAT escaped from the
lysosome and appeared to be distributed evenly throughout the cytosol, although initially this
observation surprised me. However, proteins escaping from the lysosome occurs in many
mammalian cells (148, 149, 116, 152-156). Thus, it is reasonable to conclude that clathrin and
LRP1 meidate AAT internalization and that internalized AAT is transported from the endosome
to the lysosome after which it is released into the cytosol, where it can interact with IκBα and
alter the polyubiquitinylation pattern of IκBα. Future research could examine the processes
involved in AAT entry from the lysosome to the cytosol.
In summary, AAT internalization is a clathrin-dependent LRP1-mediated endocytic
process in CD4+ T cells. Once internalized, AAT is transported from the endosome to the
lysosome, where it is released into the cytosol and can interact with cytosolic IκBα to block the
polyubiquitinylation of phosphorylated IκBα at K48. In turn, the dissociation of IκBα from NFκB is blocked because IκBα remains bound to p65/p50 thereby “masking” its nuclear
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localization signal. These events lead to the inhibition of NF-κB nuclear translocation and
activation of HIV production.
AAT inhibition of FDC activation and HIV pathogenesis: In T lymphocytes, AAT
dramatically inhibited NF-κB activation as described above. It also impacted the activation of
FDCs, which requires NF-κB. My results indicated that AAT affects FDC-NF-κB in a manner
identical to that observed in CD4+ T cells. AAT treatment also inhibited CD32 and CD21
expression in FDCs, even in the presence of the FDC activator, LPS, and this effect was
associated with decreased virus trapping. AAT also inhibited the trapping of HIV-1IIIB on FDCs
if it was present after the FDCs were co-cultured with virus. Additionally, the FDC mediated
maintenance of HIV infectivity was inhibited more potently when the untreated or LPSstimulated FDCs were continually cultured with AAT. Thus, AAT down-regulates FDC-CD32
and FDC-CD21 expression and thereby inhibits the trapping of HIV on these FDCs. The reason
for the lower amount of trapped HIV on F DCs with the persisitent presence of AAT in the
culture system might be due to the lower level FDC-CD32 and FDC-CD21. Alternatively, AAT
itself might interfere with the interactions, among HIV immune complexes, the complement
proteins, FDC-CD32, and FDC-CD21, to lower the amount of trapped HIV. Whatever the
mechanism might be, AAT efficiently blocks FDC activation and subsequently inhibits HIV
trapping and maintenance.
In the GCs, FDCs attract GC T cells by producing CXCL13 (58). Moreover, FDCs also
increase HIV replication by secreting TNFα, which in turn activates NF-κB in infected CD4+ T
cells. CXCL13 and TNFα expression are related to NF-κB activation (157). When AAT was
added to resting or LPS-activated FDCs, the results revealed that the expression of CXCL13 and
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TNFα was inhibited. Thus, AAT might also inhibit the contribution of FDCs to HIV
transmission and replication in the GCs, but this still needs further study.
Summary: The net result of the inhibitory effects of AAT on H IV infection, HIV
replication, and HIV reservoirs is likely to inhibit the pathogenesis of HIV/AIDS. A better
knowledge of the molecular mechanism of AAT-mediated effects on inhibiting HIV/AIDS
pathogenesis may be helpful to design better intervention strategies for this major world
problem.

72

ABBREVIATIONS
HIV, Human immunodeficiency virus, type I; AIDS, acquired immunodeficiency syndrome;
FDC, Follicular dendritic cell; AAT, alpha-1-antitrypsin; CCR5, C-C chemokine receptor 5;
CXCR4, C-X-C chemokine receptor 4; NF-κB, nuclear factor κB; SP1, specificity protein 1;
AP2, activator protein 2; NFAT, nuclear factor of activated T-cells; LTR, long terminal repeat;
CD32 or FcɣRII: type II Fc gamma receptor; TLR4, Toll-like receptor 4; ICAM-1, intercellular
adhesion molecule 1; VCAM-1, vascular cell adhesion molecule-1; BAFF, B-cell-activating
factor belonging to the TNF family; CR2 or CD21, complement receptor II; C4BP, C4-binding
protein; TNFα, tumor necrosis factor α; IL-2, interleukin-2; IL-6, interleukin-6 ; IL-7,
interleukin-7; GC, germinal center; CXCL13, C-X-C motif chemokine 13; CM, complete tissue
culture medium; PBMC, peripheral blood mononuclear cells; PHA, phytohemagglutinin; PBS,
phosphate buffered saline; IgG, immunoglobulin G; IgM, immunoglobulin M; PCR, polymerase
chain reaction; qPCR, quantitative real time PCR; RT-PCR, reverse transcriptase PCR; ELISA,
enzyme-linked immunosorbent assay; IκB, NF-κB inhibitor; IKK, IκB kinase; DSP, dithiobis
succinimidylpropionate; FASP, filter-aided sample preparation; TNFR, TNF receptor; LPS,
lipopolysaccharide; LDL, low density lipoprotein; LRP, LDL-receptor-related protein; SCF,
Skp1, Cullin 1, and F-box β transducin repeat containing protein.
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Figure 1. Prodution of recombinant HIV with mutations at the transcription factor binding sites in the 3’LTR. (A). Mutation map of the LTR vectors generously provided by Drs. V. Planelles and A. Bosque.
5

HEK293T cells (2 × 1 0 cells/sample in a final volume of 500 μL transfection medium) were cotransfected with the pLET-LAI vector (3 μg) and the vector (3 μg) encoding the wild type or mutated
LTR. After 6 da ys of incubation, recombinant virus particles were collected and monitored for viral
protein p24 (B) and viral RNA (C) in the supernatant fluid. CT: HEK293T cells were mock transfected
(control); WT: LTR vector without mutation (wild type); NFκB I: LTR vector with NF-κB site I
mutation; NFκB II: LTR vector with NF-κB site II mutation; NFκB I&II: LTR vector with NF-κB site
I&II mutations; SP1: LTR vector with SP-1 site I, II &III mutated; AP2: LTR vector with AP-2 site
mutated; NFIL6: LTR vector with NF-IL6 site I&II mutated. Sample 1 and sample 2 r epresent virus
preparations obtained from independent transfections.
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Figure 2. Virus production depended upon the presence of the transcription factors SP-1, NF-kB and AP2. Recombinant, LTR-mutated HIV was produced in 293T cells using vectors provided by V. Planelles
5

and A. Bosque, University of Utah, Dept. of Pathology. Primary CD4+ T cells (5 × 10 cells/sample in a
final volume of 500 μL culture medium) were infected as described in Methods and Materials with wildtype or mutated recombinant virus and assessed for viral integration (A) and virus production (B). Virus
integration was measured by quantitative real time Alu-PCR after 20 hours of incubation and normalized
to GAPDH whereas virus production was measured at the time intervals indicated. WT: infected with
wild type recombinant HIV; NF-κB I: infected with recombinant HIV with NF-κB site I mutation; NF-κB
II: infected with recombinant HIV with NF-κB site II mutation; NF-κB I&II: infected with recombinant
HIV with NF-κB site I&II mutation; SP-1: infected with recombinant HIV with SP-1 site I, II & III
mutation; AP-2: infected with recombinant HIV with AP-2 site mutation; NF-IL6: infected with
recombinant HIV with NF-IL6 site I&II mutation.
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Figure 3. Replication of recombinant HIV in activated primary CD4+ T cells. Activated primary CD4+ T
5

cells were infected as described in figure 2. Subsequently, the infected cells (5 × 10 cells/sample in a
final volume of 500 μL culture medium) were incubated for 0, 24, 48, or 72 hours in the presence or
absence of FDCs (10 CD4+ T cells to 1 FDC) or FDC supernatant fluid (10% (v/v), FDCsup). At the end
of incubation, the supernatant was collected to detect HIV p24 (A and C). The infection efficiency of the
recombinant HIV in CD4+ T cells was determined by detecting integrated viral DNA in the cells using
Alu-PCR after 20 hours incubation (normalized to GAPDH, B and D). WT: infected with wild type
recombinant HIV; NF-κB I: infected with recombinant HIV with NF-κB I binding site mutation; NF-κB
II: infected with recombinant HIV with NF-κB II binding site mutation; NF-κB I&II: infected with
recombinant HIV with NF-κB I&II binding sites mutation; SP-1: infected with recombinant HIV with SP1 I, II & III binding sites mutation; AP-2: infected with recombinant HIV with AP-2 binding site
mutation; NF-IL6: infected with recombinant HIV with NF-IL6 I&II binding site mutation. Control:
CD4+ T cells were incubated in complete medium; FDC: FDCs were co-incubated with CD4+ T cells;
FDCsup: CD4+ T cells were incubated with FDC supernatant fluid.
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Figure 4. FDCs increased HIV replication in primary CD4+ T cells. Activated primary CD4+ T cells were
infected with HIV-1

5

IIIB

. After infection, these CD4+ T cells (5 × 10 cells/sample in a final volume of 500

μL culture medium) were cultured with FDC supernatant fluid (10% (v/v), FDCsup) or FDCs (10 CD4+
T cells to 1 FDC) sperated (FDC(t)) by a 3.0-μm Transwell membrane or not (FDC). After 0, 24, 48, or
72-hour incubation, the supernatant fluid was collected to detect p24 (A) and viral RNA (B) production.
Part of the figure was published in my previous paper (47).
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5

Figure 5. FDCs expressed and secreted TNFα. Isolated tonsillar FDCs (2 × 1 0 cells/sample in a f inal
volume of 200 μL culture medium) were incubated for 1, 2, 3, or 7 days. Subsequently, the supernatant
fluid was collected to detect TNFα production (A). FDCs were collected to isolate total RNA (B). The
expression of TNFα mRNA was detected and normalized to endogenous GAPDH. Part of the figure was
published in my previous paper (47).
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Figure 6. FDC-produced TNFα increased HIV production in HIV-infected CD4+ T cells. Activated
primary CD4+ T cells were infected with HIV-1

5

IIIB

as before. After infection, the cells (5 × 10

cells/sample in a final volume of 500 μL culture medium) were cultured with 20 μg/mL TNFR-Ig, 20
μg/mL mouse IgG (mIgG, isotope control), 167 pg/mL TNFα, FDC supernatant fluid (FDCsup, 10%
(v/v)), or FDCs (10 CD4+ T cells to 1 FDC) separated (FDC(t)) by a 3.0 μm Transwell membrane or not
(FDC). After 0, 24, 48, or 72-hour incubation, the supernatant fluid was collected to detect viral RNA (A)
and p24 (B) production. Part of the figure was published in my previous paper (47).
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Figure 7. FDCs and FDC supernatant increased the nuclear translocation of p65 and p50 in HIV-infected
CD4+ T cells. Activated primary CD4+ T cells were infected with HIV-1 as before. After infection, the
IIIB

7

cells (10 cells/sample in a final volume of 10 mL culture medium) were cultured with 20 μg/mL TNFRIg, 20 μg/mL mouse IgG (mIgG, isotope control), 167 pg/mL TNFα, FDC supernatant fluid (FDCsup,
10% (v/v)), or FDCs (10 CD4+ T cells to 1 FDC) separated (FDC(t)) by a 3.0 μm Transwell membrane or
not (FDC). After 24 hours incubation, the cytoplasm and nuclear proteins were isolated to detect the
nuclear translocation of p65 or p50 by Western blot. Part of the figure was published in my previous
paper (47).
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Figure 8. FDCs and FDC supernatant increased the DNA b inding activity of NF-κB in HIV-infected
CD4+ T cells. Activated primary CD4+ T cells were infected with HIV-1 as before. After infection,
IIIB

7

these CD4+ T cells (10 cells/sample in a final volume of 10 mL culture medium) were cultured with 20
μg/mL TNFR-Ig, 20 μg/mL mouse IgG (mIgG, isotope control), 167 pg/mL TNFα, FDC supernatant fluid
(FDCsup, 10% (v/v)), or FDCs (10 CD4+ T cells to 1 FDC) separated (FDC(t)) by a 3.0 μm Transwell
membrane or not (FDC). After 24 hours incubation, the cytoplasm and nuclear proteins were isolated to
detect the DNA binding activity of NF-κB p65 (A) or p50 (B).
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Figure 9. FDCs activated IKK without interfering with the expression of TNFR in HIV-infected CD4+ T
cells. Activated primary CD4+ T cells were infected with HIV-1 as before. After infection, the cells (5
IIIB

6

× 10 cells/sample in a final volume of 5 mL cultue medium) were cultured with 20 μg/mL TNFR-Ig, 20
μg/mL mouse IgG (mIgG, isotope control), 167 pg/mL TNFα, FDC supernatant fluid (FDCsup, 10%
(v/v)), or FDCs (10 CD4+ T cells to 1 FDC) separated (FDC(t)) by a 3.0 μm Transwell membrane or not
(FDC). After 24 hours incubation, the whole cell proteins were isolated from the cells to detect the
expression of TNFR and IKK (A). Subsequently, IKK complex was precipitated with IKKα antibody and
purified IKK complex was incubated with kinase buffer containing ATP and bacterially expressed IκBα
as substrate. IκBα or phosphorylated IκBα was detected by Western blotting (B).
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Figure 10. FDCs stabized the trapping and infectivity of HIV-1

IIIB

5

in the presence of HIV-specific

antibody and complement proteins. Isolated FDCs (10 cells/sample in a f inal volume of 200 μL) were
incubated with HIV-1 (50 μL; containing ~ 50 ng of HIV p24) in the presence or absence of human
IIIB

serum (5 μL), heat-denatured human serum (5 μL), gp120 antibody (10 μg), or mouse IgG (isotope
control for gp120 antibody; 10 μg) for 2 hours. Subsequently, unbound viruses were removed and FDCs
5

(10 cells/mL) were incubated for 0, 7, 14, 21, 28, 35, or 42 days. After incubation, FDCs were divided
into two aliquots. One aliquot was lysed to detect cytosolic p24 (A) and viral RNA (B). The other aliquot
6

was incubated with CD4+ T cells (10 cells/sample in 4 mL culture medium; 10 CD4+ T cells to 1 FDC)
for 7 days to monitor HIV p24 (C) and viral RNA production (D) in the supernatant fluid. Control: FDCs
incubated with HIV-1 ; serum: FDCs incubated with HIV-1 in the presence of fresh human serum; HIIIB

serum: FDCs incubated with HIV-1

IIIB

IIIB

in the presence of heat denatured human serum (no complement);

anti-gp120: FDCs incubated with HIV-1
with HIV-1

IIIB

IIIB

in the presence of gp120 antibody; mIgG: FDCs incubated

in the presence of mouse IgG.
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Figure 11. Macrophage produced HIV-1 contained only full length gp160 whereas T cell produced virus
6

contains both distinct gp 120 and gp41. Primary CD4+ T cells (2 × 10 cells/sample) and macrophages (2
6

× 10 cells/sample) were isolated and infected with HIV-1

IIIB

or HIV-1

Bal

for 2 hours. Following infection,

the cells were incubated for 2 weeks in 8 mL culture medium. Produced HIV particles were collected and
concentrated by centrifuging at 60,000 × g for 2 hours. Viral proteins were extracted and gp120 and gp41
were detected by Western blotting. T+HIV-1 : HIV from HIV-1 -infected CD4+ T cells; T+HIV-1 :
IIIB

IIIB

HIV from HIV-1 -infected CD4+ T cells; M+HIV-1 : HIV from HIV-1 -infected macrophages.
Bal

Bal
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Bal

Bal

Figure 12. The shedding of gp120 from HIV diminished the infectivity of these viruses and suggested that
5

FDC-trapping minimized this shedding. Isolated FDCs (10 cells/sample in a f inal volume of 200 μL)
were incubated with HIV-1 (50 μL) or HIV-1 (50 μL) produced in CD4+ T cells or macrophages in
IIIB

Bal

the presence of human serum (5 μL) and gp120 antibody (10 μg) for 2 hours. Unbound viruses were
5

removed and these FDCs (10 cells/mL) were incubated for 0, 7, 14, 21, 28, 35, or 42 days. After
incubation, these FDCs were divided into two aliquots. One aliquot was lysed to detect p24 (A) and viral
6

RNA (B) trapped on FDCs. The other aliquot was incubated with CD4+ T cells (10 cells/sample in 4 mL
culture medium; 10 CD4+ T cells to 1 FDC) for 7 days to collect the supernatant fluid. HIV p24 (C) and
viral RNA production (D) in the supernatant fluid were detected. All samples in each group were
normalized to the trapping and infectivity of HIV on FDCs at the time point “0”.
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Figure 13. FDC trapping and maintenance of T cell-propagated HIV-1
cells/sample in a final volume of 200 μL) were incubated with HIV-1

Bal

Bal

infectivity. Isolated FDCs (10

5

(50 μL) produced in CD4+ T cells

in the presence or absence of human serum (5 μL), heat denatured human serum (5 μL), gp120 antibody
(10 μg), or mouse IgG (10 μg) for 2 hours. Subsequently, unbound viruses were removed and these FDCs
5

(10 cells/mL) were incubated for 0, 7, 14, 21, 28, 35, or 42 days. After incubation, these FDCs were
divided into two aliquots. One aliquot was lysed to detect cytosolic p24 (A) and viral RNA (B). The other
6

aliquot was incubated with CD4+ T cells (10 cells/sample in 4 mL culture medium; 10 CD4+ T cells to 1
FDC) for 7 days to determine whether the trapped virus maintained its infectious nature. HIV p24 (C) and
viral RNA production (D) in the supernatant fluid were detected. Control: FDCs incubated with HIV-1 ;
serum: FDCs incubated with HIV-1
HIV-1

Bal

Bal

Bal

in the presence of human serum; H-serum: FDCs incubated with

in the presence of heat denatured human serum; anti-gp120: FDCs incubated with HIV-1

the presence of gp120 antibody; mIgG: FDCs incubated with HIV-1
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Bal

in the presence of mouse IgG.

Bal

in

Figure 14. FDC trapping and maintenance of infectivity of macrophage-propagated HIV-1 . Isolated
Bal

5

FDCs (10 cells/sample in a final volume of 200 μL) were incubated with HIV-1

Bal

(50 μL) produced in

macrophages in the presence or absence of human serum (5 μL), heat denatured human serum (5 μL),
gp120 antibody (10 μg), or mouse IgG (10 μg) for 2 hours. Subsequently, unbound viruses were removed
5

and these FDCs (10 cells/sample) were incubated for 0, 7, 14, 21, 28, 35, or 42 days. After incubation,
these FDCs were divided into two aliquots. One aliquot was lysed to detect cytosolic p24 (A) and viral
6

RNA (B). The other aliquot was incubated with CD4+ T cells (10 cells/sample in 4 mL culture medium;
10 CD4+ T cells to 1 F DC) for 7 da ys to collect the supernatant fluid. HIV p24 ( C) and viral RNA
production (D) in the supernatant fluid were detected. Control: FDCs incubated with HIV-1 ; serum:
FDCs incubated with HIV-1

Bal

Bal

in the presence of human serum; H-serum: FDCs incubated with HIV-1

in the presence of heat denatured human serum; anti-gp120: FDCs incubated with HIV-1
presence of gp120 antibody; mIgG: FDCs incubated with HIV-1
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Bal

Bal

in the presence of mouse IgG.

Bal

in the

Figure 15. CD32- and CD21-specific siRNA knocked-down FDC-CD32 and FDC-CD21 expression.
6

Isolated tonsillar FDCs (10 cells/sample in a f inal volume of 1 mL culture medium) were treated with
CD32 siRNA, CD21 siRNA, or non-specific siRNA for 1, 3, or 5 days. At the end of incubation, CD32 or
CD21 expression was detected by Western blotting. β-actin was used as a loading control.
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Figure 16. CD32 and CD21 siRNA inhibited the trapping and maintenance of HIV-1

IIIB

on FDCs. Isolated

tonsillar FDCs were treated with CD32 siRNA, CD21 siRNA, or non-specific siRNA for 3 days.
5

Subsequently, these FDCs (10 cells/sample in a final volume of 200 μL) were incubated with HIV-1

IIIB

(50 μL) in the presence or absence of human serum (5 μL) or gp120 antibody (10 μg) for 2 hours.
5

Subsequently, unbound viruses were removed and these FDCs (10 cells/mL) were incubated for 0, 7, 14,
21, or 28 days. After incubation, these FDCs were divided into two aliquots. One aliquot was lysed to
6

detect cytosolic p24 (A) and viral RNA (B). The other aliquot was incubated with CD4+ T cells (10
cells/sample in 4 mL culture medium; 10 CD4+ T cells to 1 FDC) for 7 days to collect the supernatant
fluid. HIV p24 (C) and viral RNA production (D) in the supernatant fluid were detected. Control: FDCs
incubated with HIV-1 ; serum: FDCs incubated with HIV-1 in the presence of human serum; antiIIIB

gp120: FDCs incubated with HIV-1

IIIB

IIIB

in the presence of gp120 antibody; CD32 siRNA: FDCs with

CD32 siRNA treatment; CD21 siRNA: FDCs withCD21 siRNA treatment; non-specific siRNA: FDCs
with non-specific siRNA treatment.
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Figure 17. CD32- and CD21-specific antibody inhibited the trapping and maintenance of HIV-1

IIIB

5

FDCs. Isolated FDCs (10 cells/sample in a final volume of 200 μL) were incubated with HIV-1

IIIB

on

(50

μL) in the presence or absence of human serum (5 μL), gp120 antibody (10 μg), CD32 antibody (10 μg),
5

or CD21 antibody (10 μg) for 2 hours. Unbound viruses were removed and these FDCs (10 cells/mL)
were incubated for 0, 7, 14, 21, or 28 days. After incubation, these FDCs were divided into two aliquots.
One aliquot was lysed to detect cytosolic p24 (A) and viral RNA (B). The other aliquot was incubated
6

with CD4+ T cells (10 cells/sample in 4 mL culture medium; 10 CD4+ T cells to 1 FDC) for 7 days to
collect the supernatant fluid. HIV p24 ( C) and viral RNA production (D) in the supernatant fluid were
detected. Control: FDCs incubated with HIV-1 ; serum: FDCs incubated with HIV-1 in the presence
IIIB

of human serum; anti-gp120: FDCs incubated with HIV-1

IIIB

IIIB

in the presence of gp120 antibody; anti-

CD32: FDCs incubated with CD32 antibody; anti-CD21: FDCs incubated with CD21 antibody.
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Figure 18. Effect of LPS and HIV immune complex on the expression and production of FDC-CD32 and
6

-CD21. Isolated tonsillar FDCs (10 cells/sample in a final volume of 1 mL) were treated with 10 μg/mL
LPS, HIV immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for
IIIB

30 minutes), CD32 antibody (10 μg), or CD21 antibody (10 μg) for 1 day. At the end of incubation, the
cells were divided into two aliquots. One aliquot was l ysed to extract the whole cell proteins. The
expression of CD32, CD21, p50, p65, and TLR4 was detected by Western blotting (A). β-actin served as
a loading control. The other aliquot was lysed to extract total RNA. The mRNA expression of CD32 and
CD21 was detected by qPCR. GAPDH served as an endogenous control (B and C).
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Figure 19. Effects of LPS and HIV immune complexes on NF-κB activation in FDCs. Isolated tonsillar
6

FDCs (4 × 10 cells/sample in a final volume of 4 mL) were treated with 10 μg/mL LPS, HIV immune
complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes), CD32
IIIB

antibody (10 μg), or CD21 antibody (10 μg) for 1 day. At the end of incubation, the nuclear and cytosolic
proteins were extracted. The accumulation of p50, p65, phosphorylated IκBα, and IκBα in the cytosol or
nucleus was detected by Western blotting (A and B). β-actin served as a loading control.
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Figure 20. Effect of LPS and HIV immune complex on the expression and production of TNFα in FDCs.
5

Isolated tonsillar FDCs (2 × 1 0 cells/sample in a final volume of 200 μL) were treated with 10 μg/mL
LPS, HIV immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for
IIIB

30 minutes), CD32 antibody (10 μg), or CD21 antibody (10 μg) for 1 day. At the end of incubation, the
supernatant fluid was collected to detect the production of TNFα by ELISA(A). The cells were lysed to
extract total RNA. The mRNA expression of TNFα was detected by qPCR. GAPDH worked as an
endogenous control (B).
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Figure 21. Effect of LPS and HIV immune complex on t he expression and production of CXCL13 in
5

FDCs. Isolated tonsillar FDCs (2 × 1 0 cells/sample in a final volume of 200 μL) were treated with 10
μg/mL LPS, HIV immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120
IIIB

antibody for 30 minutes), CD32 antibody (10 μg), or CD21 antibody (10 μg) for 1 day. At the end of
incubation, the cells were lysed to extract total RNA. The mRNA expression of CXCL13 was detected by
qPCR. GAPDH worked as an endogenous control (A). The supernatant fluid was collected to detect the
production of CXCL13 by ELISA (B).
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Figure 22. IgM increased CD32 expression without inducing NF-κB activation in FDCs. Isolated FDCs (4
6

× 10 cells/sample in a final volume of 4 mL culture medium) were treated with mouse IgM (preformed
by incubating 10 μg rat-anti mouse IgG with 10 μg mouse IgM) for 1 day. At the end of incubation, the
whole cell, nuclear, and cytosolic proteins were extracted. The expression of CD32, CD21, p50, p65, and
TLR4 was detected by Western blotting (A). The accumulation of p50, p65, phosphorylated IκBα, and
IκBα in the cytosol or nucleus was detected by Western blotting (B and C). β-actin worked as a loading
control.
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5

Figure 23. Activated FDCs trapped more HIV and maintained higher infectivity. Isolated FDCs (10
cells/sample in a final volume of 200 μL) were incuated in the presence or absence of 10 μg/ml LPS, HIV
immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes),
IIIB

10 μg CD21 antibody, or 10 μg CD32 antibody for 1 day. Subsequently, these activated FDCs were
washed and incubated with HIV-1 (50 μL), human serum (5 μL), and gp120 antibody (10 μg) for 2
IIIB

5

hours. Unbound viruses were then removed. These FDCs (10 cells/mL) were incubated for 0, 7, 14, 21,
or 28 days. After incubation, FDCs were divided into two aliquots. One aliquot was l ysed to detect
6

cytosolic p24 (A) and viral RNA (B). The other aliquot was incubated with CD4+ T cells (10
cells/sample in 4 mL culture medium; 10 CD4+ T cells to 1 FDC) for 7 days to collect the supernatant
fluid. HIV p24 (C) and viral RNA production (D) in the supernatant fluid were detected. Control: resting
FDCs; anti-CD32: FDCs with CD32 antibody treatment; anti-CD21: FDCs with CD21 antibody
treatment; LPS: FDCs with LPS treatment; IC: FDCs with HIV immune complex treatment.
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Figure 24. AAT did not interfere with the integration of HIV viral DNA into the host genome. Activated
6

primary CD4+ T cells (10 cells/sample in a final volume of 1 mL culture medium) were divided into two
aliquots. One aliquot was incubated in the presence or absence of 5 mg/mL AAT for 1 hour. After AAT
pretreatment, these cells were infected with HIV-1 (500 μL) without removing AAT. Subsequently, the
IIIB

infected CD4+ T cells were treated with or without trypsin for 10 minutes. After trypsin-treatment,
unbound viruses were removed. Next, these cells were incubated for 1, 6, 12, 18, 24, or 30 hours in the
presence or absence of AAT (the same condition as before HIV infection) to isolate DNA. The integration
of HIV viral DNA i nto the host genome was d etected using quantitative Alu-PCR (A). Meanwhile, the
other aliquot was infected with HIV-1 without AAT pretreatment and then incubated for 1 more hour.
IIIB

Next, these cells were incubated in the presence or absence of AAT. After 0, 5, 11, 17, 23, or 29 hours
incubation, DNA wa s extracted to detect the integration of HIV viral DNA i nto the host genome (B).
GAPDH worked as an endogenous control.
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Figure 25. AAT did not interfere with the integration of primary HIV viral DNA into host genome.
6

Activated primary CD4+ T cells (10 cells/sample in a final volume of 1 mL culture medium) were
divided into two aliquots. One aliquot was incubated in the presence or absence of 5 mg/mL AAT for 1
hour. After AAT pretreatment, these cells were infected with 500 μL primary CXCR4-tropic virus, HIV(A), or 500 μL CCR5-tropic virus, HIV-1
(C), without removing AAT. Subsequently,
1
91US054

92US714

infected CD4+ T cells were treated with or without trypsin for 10 minutes. After trypsin-treatment, these
cells were washed to remove unbound viruses. Next, these cells were incubated for 1, 6, 12, 18, 24, or 30
hours in the presence or absence of AAT (the same condition as before HIV infection) to isolate DNA.
The integration of HIV viral DNA i nto the host genome was detected by quantitative Alu-PCR.
(B) or HIV-1
(D) without AAT
Meanwhile, the other aliquot was i nfected with HIV-1
91US054

92US714

pretreatment and incubated for 1 more hour. Next, the cells were incubated in the presence or absence of
AAT. After 0, 5, 11, 17, 23, or 29 hours incubation, DNA was extracted and the integration of HIV viral
DNA into the host genome was detected (B and D). GAPDH worked as endogenous control.
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Figure 26. AAT did not inhibit the activity of HIV reverse transcriptase. Activated primary CD4+ T cells
6

(10 cells/sample in a final volume of 1 mL culture medium) were divided into two aliquots. One aliquot
was pretreated with or without 5 mg/mL AAT for 1 hour. After AAT pretreatment, these cells were
infected with HIV-1 (500 μL) without removing AAT. Subsequently, infected CD4+ T cells were
IIIB

treated with or without trypsin for 10 minutes. After trypsin-treatment, these cells were washed to remove
unbound viruses. Next, these cells were incubated for 1, 6, 12, 18, 24, or 30 hours in the presence or
absenc of AAT (the same condition as before HIV infection) to isolate whole cell and viral proteins. The
activity of HIV reverse transcriptase was detected following the protocol described in the Material and
Methods section (A). Meanwhile, the other aliquot was infected with HIV-1 without AAT pretreatment
IIIB

and incubated for 1 more hour. Next, the samples were incubated in the presence or absence of AAT.
After 0, 5, 11, 17, 23, or 29 hours incubation, the whole cell and viral proteins were extracted and the
activity of HIV reverse transcriptase was detected (B).
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Figure 27. AAT inhibited primary HIV infection of CD4+ T cells without interfering with the activity of
6

HIV reverse transcription. Activated primary CD4+ T cells (10 cells/sample in a final volume of 1 mL
culture medium) were divided into two aliquots. One aliquot was pretreated with or without 5 m g/mL
(A) or 500
AAT for 1 hour. After AAT pretreatment, these cells were infected with 500 μL HIV-1
μL HIV-1

91US054

92US714

(C) without removing AAT. Infected CD4+ T cells were treated with or without trypsin

for 10 minutes. After trypsin-treatment to remove unbound virus, these cells were washed. Subsequently,
the cells were incubated in the presence or absence of AAT (the same condition as before HIV infection)
for 1, 6, 12, 18, 24, or 30 hours to isolate whole cell and viral proteins. The activity of HIV reverse
transcriptase was detected as i n Figure 26. Meanwhile, the other aliquot was infected directly with
(B) or HIV-1
(D) without AAT pretreatment and then incubated for 1 more
primary HIV-1
91US054

92US714

hour. Next, the samples were incubated with or without the presence of AAT. After 0, 5, 11, 17, 23, or 29
hours incubation, the whole cell and viral proteins were extracted and the activity of HIV reverse
transcriptase was detected.
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6

Figure 28. AAT inhibited HIV entry into CD4+ T cells. Activated primary CD4+ T cells (10 cells/sample
in a final volume of 1 mL culture medium) were pretreated with or without 5 mg/mL AAT for 1 hour.
After the pretreatment, these cells were infected by HIV-1 (500 μL) in the presence of AAT.
IIIB

Subsequently, the infected CD4+ T cells were treated with or without trypsin for 10 minutes to remove
extracellular attached virus. After trypsin treatment, the supernatant fluid and cells were collected for
analysis. The supernatant fluid was washed and concentrated by centrifuging at 60,000 × g for 2 hours at
4 ºC for three times. The amount of HIV particles in the supernatant fluid was determined by HIV p24
(A) and viral RNA (B). The collected cells were incubated for 2 hours and lysed to extract the whole cell
proteins (including HIV p24) and RNA. HIV entry into CD4+ T cells was determined by measuring
cytosolic HIV p24 (C) and viral RNA (D). GAPDH expression was used as an endogenous control.
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6

Figure 29. AAT inhibited primary X4 HIV entry into CD4+ T cells. Activated primary CD4+ T cells (10
cells/sample in a final volume of 1 mL culture medium) were pretreated with or without 5 mg/mL AAT
for 1 hour. After the pretreatment, these cells were infected by 500 μL HIV-1
in the presence of
91US054

AAT. Subsequently, the infected CD4+ T c ells were treated with or without trypsin for 10 minutes to
remove extracellular attached virus. After trypsin treatment, the supernatant fluid and cells were collected
for analysis. The supernatant fluid was washed and concentrated by centrifuging at 60,000 × g for 2 hours
at 4 ºC for three times. The amount of HIV particles in the supernatant fluid was determined by HIV p24
(A) and viral RNA (B). The collected cells were incubated for 2 hours and lysed to extract the whole cell
proteins (including HIV p24) and RNA. HIV entry into CD4+ T cells was determined by measuring
cytosolic HIV p24 (C) and viral RNA (D). GAPDH expression was used as an endogenous control.
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6

Figure 30. AAT inhibited primary R5 HIV entry into CD4+ T cells. Activated primary CD4+ T cells (10
cells/sample in a final volume of 1 mL culture medium) were pretreated with or without 5 mg/mL AAT
for 1 hour. After the pretreatment, these cells were infected by 500 μL HIV-1
in the presence of
92US714

AAT. Subsequently, the infected CD4+ T c ells were treated with or without trypsin for 10 minutes to
remove extracellular attached virus. After trypsin treatment, the supernatant fluid and cells were collected
for analysis. The supernatant fluid was washed and concentrated by centrifuging at 60,000 × g for 2 hours
at 4 ºC for three times. The amount of HIV particles in the supernatant fluid was determined by HIV p24
(A) and viral RNA (B). The collected cells were incubated for 2 hours and lysed to extract the whole cell
proteins (including HIV p24) and RNA. HIV entry into CD4+ T cells was determined by measuring
cytosolic HIV p24 (C) and viral RNA (D). GAPDH expression was used as an endogenous control.
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Figure 31. AAT did not alter CD4, CCR5, or CXCR4 expression on CD4+ T cells. Activated primary
6

CD4+ T cells (2 × 1 0 cells/sample in a final volume of 2 mL culture medium) were incubated with 5
mg/mL AAT for 1, 3, 6, 12, 24, or 72 hours and extracted the whole cell proteins. The expression of CD4,
CCR, and CXCR4 was detected by Western blotting. β-actin served as a loading control.
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Figure 32. AAT interacted with LRP, ABC, and SCP on CD4+ T cells. Activated primary CD4+ T cells
7

(10 cells/sample in a final volume of 10 mL culture medium) were infected with HIV-1

IIIB

(2 mL). After

infection, these cells were cultured in the presence or absence of 5 mg/mL AAT for 2 hours and unbound
AAT was removed by washing after which the cells were collected. The interactions between AAT the
the membrane receptors were stabilized using 3 mM DSP. Membrane proteins were then extracted from
the cells and AAT-specific antibody was added to precipitate the proteins interacting with AAT. The
precipitated proteins were separated by SDS-PAGE and visalized using Coomassie Blue (digital image
saved as a balck and gray picture). The specific bands were collected and identified by mass
spectrometry.
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Figure 33. AAT interacted with HIV gp41. Propagated HIV-1

IIIB

(containing more than 5 μg of HIV p24)

was concentrated by ultracentrifuginf at 60,000 × g and incubated with 5 mg/mL AAT for 2 hours after
which the virus was fixed with 3 mM DSP to stabilize the interaction between the HIV and AAT.
Subsequently, the HIV-AAT complex was divided into two aliquots. (A). One aliquot was lysed to extract
the viral proteins which were incubated with AAT-specific antibody followed by immunoprecipitation.
The precipitated proteins were separated by SDS-PAGE and visalized with Coomassie Blue (digital
image saved as a black and gray picture). The specific bands were cut to identify the proteins using mass
spectrometry. (B). The precipitated proteins were also detected by Western blotting with antibody to
AAT, gp120, or gp41. (C). The other aliquot was incubated with gp120 antibody to precipitate HIV and
the interacting proteins. The precipitated HIV-AAT complex was lysed and immunoprecipitated using
protein A/G beads. The precipitated proteins were also detected by Western blotting with antibody to
AAT, gp120, or gp41. (D). AAT (1 μg) was also incubated with 1 μg recombinant gp120 or gp41 and
precipitated with AAT-specific antibody. The precipitated proteins were separated with SDS-PAGE and
visualized using Coomassie blue staining (digital image saved as a black and gray picture) to determine
the direct interaction between AAT and gp120 or gp41.
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Figure 34. AAT interacted with gp120/gp41. Activated primary CD4+ T cells (5 × 10 cells/sample in a
or HIV-1
and incubated in 50
final volume of 5 mL culture medium) were infected by HIV-1
91US054

92US714

mL culture medium for 2 weeks to produce HIV. Subsequently, HIV was collected and incubated with 5
mg/mL AAT for 2 hours. After 2 hours incubation, HIV was f ixed using 3 mM DSP to stabilize the
interaction between the virus and AAT. Next, the HIV-AAT complex was divided into two aliquots. (A).
One aliquot was lysed to extract the viral proteins Isolated viral proteins were incubated with AATspecific antibody for 2 hours to immunoprecipitate AAT and the proteins that interacted with AAT. The
proteins on the beads were detected by Western blotting with antibody to AAT, gp120, or gp41. (B). The
other aliquot was incubated with gp120 antibody for 2 h ours to precipitate HIV and the proteins that
interacted with HIV. Next, the precipitated HIV with AAT were lysed and separated by SDS-PAGE and
detected by Western blotting with antibody to AAT, gp120, or gp41.
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Figure 35. AAT inhibited HIV replication in CD4+ T c ells. Activated primary CD4+ T cells were
infected with HIV-1

5

IIIB

as before. After infection, the T cells (5 × 10 cells/sample in a final volume of 500

μL culture medium) were cultured in the presence or absence of FDC supernatant fluid (FDCsup, 1/10
(V/V)), FDCs (10 CD4+ T cells to 1 FDC), or 5 mg/mL AAT. After 0, 24, 48, or 72 hours incubation, the
supernatant fluid was collected to detect HIV p24 (A) and viral RNA (B) production. Part of the figure
was published in my previous paper (88).
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Figure 36. AAT inhibited HIV replication. Activated primary CD4+ T cells were infected with primary
HIV isolate, HIV-1

1714

(A and B) or HIV-1

5

2054

(C and D). After infection, these infected cells (5 × 10

cells/sample in a f inal volume of 500 μL culture medium) were cultured in the presence or absence of
FDC supernatant fluid (FDCsup, 1/10 (V/V)) or 5 mg/mL AAT. After 0, 24, 48, or 72 hours incubation,
the supernatant fluid was co llected to detect p24 (A and C) and viral RNA (B and D) production. The
figure was published in my previous paper (88).
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Figure 37. AAT did not interfere with the expression and activation of IKKα. Activated primary CD4+ T
cells were infected with HIV-1

IIIB

7

. After infection, the T cells (10 cells/sample in a final volume of 10

mL culture medium) were cultured in the presence or absence of FDC supernatant fluid (FDCsup, 1/10
(V/V)) or 5 mg/mL AAT. After 24 hours incubation, the cells were collected and lysed to extract the
cytosolic or whole cell proteins. (A). IKKα expression was detected by Western blotting. β-actin served
as a loading control. (B). The IKK complex was also precipitated with IKKα-specific antibody. The
purified IKK complex was incubated with recombinatant IκBα in the presence of ATP to detect the
activity of IKK by measuring IκBα phosphorylation. Phosphorylated IκBα was detected by Western
blotting. Part of the figure was published in my previous paper (88).
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Figure 38. AAT inhibited the nuclear translocation and DNA binding activity of NF-κB and suppressed
the degradation of phosphorylated IκBα. Activated primary CD4+ T cells were infected with HIV-1 as
IIIB

7

before. After infection, the T cells (10 cells/sample in a f inal volume of 10 mL culture medium) were
cultured in the presence or absence of FDC supernatant fluid (FDCsup, 1/10 (V/V)) or 5 mg/mL AAT.
After a 24-hour incubation, the cells were collected and lysed to extract the cytosolic, nuclear or whole
cell proteins. (A). Cellular distribution of p65, p50, IκBα, and phosphorylated IκBα was detected by
Western blotting. The expression of β-actin served as a loading control. The DNA binding activity of NFκB was detected using ELISA with p65-specific antibody (B) and p50-specific antibody (C). Part of the
figure was published in my previous paper (88).
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Figure 39. AAT inhibited the degradation and dissociation of phosphorylated and ubiquitinylated IκBα
from NF-κB complex. Activated primary CD4+ T cells were infected with HIV-1 as before. After
IIIB

7

infection, these infected cells (10 cells/sample in a final volume of 10 mL culture medium) were cultured
in the presence or absence of FDC supernatant fluid (FDCsup, 1/10 (V/V)) or 5 mg/mL AAT. After 24
hours incubation, the cells were collected and lysed to extract cytosolic, nuclear or whole cell proteins.
Subsequently, IκBα antibody (A) or ubiquitin antibody (B) was added to the extracted proteins to
precipitate the proteins. Precipitated proteins were separated by SDS-PAGE to detect the presence of p65,
p50, IκBα, phosphorylated IκBα, and ubiquitinylated IκBα by Western blot. The figure was published in
my previous paper (88).
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Figure 40. AAT increased the half life of IκBα in infected CD4+ T cells. Activated primary CD4+ T cells
were infected by HIV-1

5

IIIB

as before. After infection, these cells (5 × 10 cells/sample in a final volume of

500 μL culture medium) were cultured in the presence or absence of FDC supernatant fluid (FDCsup,
1/10 (V/V)) or 5 mg/mL AAT. After 24 hours incubation, the half-life of IκBα was detected by pulse35

chase assay. Briefly, the cells were incubated with S-labeled methionine to label cellular proteins and
then re-incubated in the presence or absence of FDC supernatant fluid or AAT. At different time point,
the cells were lysed and IκBα antibody was added to pull down and detect IκBα. The figure was
published in my previous paper (88).
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Figure 41. AAT did not interfere with the activity of the 20S proteasome in infected CD4+ T cells.
Activated primary CD4+ T cells were infected with HIV-1 as before. After infection, these cells (5 ×
IIIB

6

10 cells/sample in a final volume of 5 mL culture medium) were cultured in the presence or absence of
FDC supernatant fluid (FDCsup, 1/10 (V/V)) or 5 mg/mL AAT. After 24 hour s incubation, these cells
were collected and lysed to extract the whole cell proteins. The activity of the 20S proteasome was
detected following the manufacture’s protocol by using cell lysate or purified 26S proteasome
(precipitated with 20S- or 19S-specific antibody). Blank: wells without anything; buffer blank: wells with
lysis buffer; Substrate blank: wells with lysis buffer and substrate; control: cell lysate from CD4+ T cells;
AAT: cell lysate from AAT-treated CD4+ T cells treated; FDCsup: cell lysate from FDC supernatanttreated CD4+ T cells; 19S IP: cell lysate from T cells immunoprecipitated using a 19S-specific antibody;
20S IP: cell lysate obtained by immunopreciptation using a 20S-specific antibody. Part of the figure was
published in my previous paper (88).
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Figure 42. AAT increased the half-life of IκBα ubiquitinylated at K63. Activated primary CD4+ T cells
were infected by HIV-1

6

IIIB

as before. After infection, these infected cells (5 × 10 cells/sample in a final

volume of 5 m L culture medium) were cultured in the presence or absence of FDC supernatant fluid
(FDCsup, 1/10 (V/V)) or 5 m g/mL AAT. (A). After 0, 24, 48, or 72 hours incubation, the cells were
collected to extract the whole cell proteins. Total IκBα was immuno-precipitated with IκBα-specific
antibody. Subsequently, IκBα,, phosphorylated IκBα, IκBα ubiquitinylated at K63 and IκBα
ubiquitinylated at K48 were detected by Western blotting. (B). After 24 hours incubation, the half-life of
IκBα ubiquitinylated at K48 or K63 was detected using a radiolabeled, pulse-chase assay. Briefly, the
35

cells were incubated with S-labeled methionine to label the cellular proteins and then incubated in the
presence of FDC supernatant fluid or AAT. At different time points, the cells were lysed and IκBαspecific antibody was added. Immunoprecipitated IκBα was boiled and protein A/G beads were removed.
Antibody specific to IκBα ubiquitinylated at K63 or K48 was added to immunoprecipitate IκBα
ubiquitinylated at K63 or K48. Subsequently, the immunoprecipitated IκBα ubiquitinylated at K63 or
K48 was detected. The figure was published in my previous paper (88).
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Figure 43. AAT inhibited the nuclear translocation of NF-κB and changed the ubiquitinylation pattern of
IκBα in CD4+ T cells. Activated primary CD4+ T cells were infected with HIV-1 as before.
IIIB

6

Subsequently, the cells (5 × 10 cells/sample in a final volume of 5 mL culture medium) were cultured in
the presence or absence of stimuli (FDC supernatant fluid (FDCsup, 1/10 (V/V)); 1 μg/mL LPS; 50
ng/mL PMA/1 μM ionomycin, 50 ng/mL Il-6, or 200 pg/mL TNFα) or 5 mg/mL AAT. (A). After 24
hours incubation, the cells were collected and lysed to extract the cytosolic and nuclear proteins. IκBα,
phosphorylated IκBα, p65, and p50 were detected by Western blotting. β-actin served as a l oading
control. (B). After 0, 24, 48, or 72 hours of incubation, the cells were collected and lysed to extract
proteins. Total IκBα was immuno-precipitated with IκBα-specific antibody. Subsequently, IκBα,
phosphorylated IκBα, IκBα ubiquitinylated at K63, and IκBα ubiquitinylated at K48 were detected by
Western blotting. The figure was published in my previous paper (88).
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Figure 44. CD4+ T cells internalized AAT. Activated primary CD4+ T cells were infected with HIV-1

IIIB

6

.

After infection, these infected cells (5 × 10 cells/sample in a final volume of 5 mL culture medium) were
cultured in the presence or absence of 5 mg/mL AAT (A) or biotin-labeled AAT (B) and incubated for 24
hours. Subsequently, the cells were collected and lysed to extract the nuclear, cytosolic or whole cell
proteins. AAT was d etected by Western blotting. AAT and biotinylated AAT were used as a p ositive
control. (C). The infected cells were also cultured with AAT and incubated for 0, 0.5, 5, 14 24, 48, or 72
hours. Next, the cells were collected and lysed to extract the whole cell proteins. AAT was detected by
Western blotting. β-actin served as a l oading control. (D). Infected cells were cultured in the presence or
absence of 5 mg/mL Alexa Fluor® 488-labeled AAT and incubated for 3, 12, or 24 hours. The cells were
treated with trypsin to remove non-internalized AAT. Finally, the cells were fixed and imaged on a
confocal microscope (600×). Parts of the figures were published in my previous paper (88).
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Figure 45. CD4+ T cells internalized AAT. Activated primary CD4+ T cells (2 × 1 0 cells/sample in a
final volume of 200 μL culture medium) were cultured in the presence or absence of 5 mg/mL Alexa
Fluor® 488-labeled AAT for 3 hours. At the end of incubation, the cells were treated with trypsin to
remove non-internalized AAT. Subsequently, the cells were fixed and imaged with using a confocal
microscope (600×).
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Figure 46. AAT was associated with IκBα/NF-κB complex. Activated primary CD4+ T cells were
infected by HIV-1

6

IIIB

as before. After infection, these infected cells (5 × 10 cells/sample in a final volume

of 5 mL culture medium) were cultured in the presence or absence of 5 mg/mL AAT or FDC supernatant
fluid (FDCsup, 1/10 (V/V)) and incubated for 24 hours. Next, the cells were collected and lysed to extract
the whole cell proteins. The isolated proteins were incubated with antibodies specific for AAT, IκBα,
19S, or 20S to immunoprecipitate the proteins. Subsequently, AAT, the IκBα/NF-κB complex (IκBα, p65
and p50), and 26S proteasome (19S and 20S) were detected by Western blotting. The figure was
published in my previous paper (88).
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Figure 47. CD4+ T cells internalized AAT through a clathrin-dependent endocytosis process. Activated
5

primary CD4+ T cells (2 × 10 cells/sample in a final volume of 200 μL culture medium) were infected
with HIV-1 and then pretreated with 20 μg/mL general endocytosis inhibitor (methyl-β-cyclodextrin),
IIIB

20 μg/mL caveoli-dependent endocytosis inhibitor (filipin and nystatin), or 20 μg/mL clathrin-dependent
endocytosis inhibitor (chlorpromazine) for 1 hour. Subsequently, the cells were cultured in the presence
or absence of 5 mg/mL Alexa Fluor® 488-labeled AAT for 3, 12, or 24 hours. At the end of incubation,
the cells were collected and treated with trypsin to remove non-internalized AAT. Finally, these cells
were fixed and imaged with confocal microscopy (600×) (B).
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Figure 48. Endocytosis inhibitors blocked the effect of AAT on NF-κB activation and HIV replication.
Activated primary CD4+ T cells were infected with HIV-1

IIIB

. After HIV infection, these cells (10

7

cells/sample in a final volume of 10 mL culture medium) were pre-treated with 20 μg/mL methyl-βcyclodextrin, 20 μg/mL filipin, 20 μg/mL nystatin, or 20 μg/mL chlorpromazine for 1 hour and then
incubated in the presence or absence of 5 mg/mL AAT for 0, 24, 48, or 72 hours. Subsequently, the cells
with 24-hour incubation were collected to extract the cytosolic and nuclear proteins. The distribution of
p50 and p65 (A) was detected by Western blotting. β-actin served as a l oading control. Meanwhile, the
supernatant fluid from 0, 24, 48, or 72-hour incubations was collected to detected HIV replication by
measuring p24 (B) and viral RNA (C).
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Figure 49. The clathrin-dependent AAT internalization was mediated by LRP1. Activated primary CD4+
6

T cells (5 × 10 cell/sample in a final volume of 5 mL culture medium) were treated with LRP1 or nonspecific siRNA. After 1, 3, or 5 days incubation, the cells were collected and lysed to detect LRP
expression by Western blotting (A). β-actin served as a l oading control. 3 days after siRNA treatment,
these cells were infected with HIV-1 and unbound viruses were removed. Subsequently, these cells (5
IIIB

5

× 10 cell/sample in a final volume of 500 μL culture medium) were incubated in the presence or absence
of 5 mg/mL Alexa Fluor® 488-labeled AAT, 5 ug LRP antibody or 5 ug mouse IgG for 3, 12, or 24 hours
and the internalization of AAT was detected with confocal microscopy (B) (600×). Additionally,
6

activated primary CD4+ T cells (5 × 1 0 cell/sample in a f inal volume of 5 mL culture medium) were
infected with HIV-1 and cultured with 5 mg/mL AAT for 3 hours. The cells were then lysed and
IIIB

antibody specific to AAT, LRP or clathrin was added to immunoprecipitate proteins. AAT, LRP and
clathrin were detected by Western blotting (C).
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Figure 50. LRP1-specific siRNA blocked the inhibitory effect of AAT on NF-κB activation and HIV
7

replication. Activated primary CD4+ T cells (10 cell/sample in a final volume of 10 mL culture medium)
were treated with or without LRP1-specific or non-specific siRNA for 3 days. Subsequently, these cells
were infected with HIV-1 and incubated in the presence or absence of 5 mg/mL AAT for 0, 24, 48, or
IIIB

72 hours. At the end of 24 hours incubation, CD4+ T cells were collected to extract the cytosolic and
nuclear proteins. The distribution of p50 and p65 (A) were detected by Western blotting. β-actin served as
a loading control. Meanwhile, the supernatant fluid from 0, 24, 48, or 72 hours incubation was collected
to detected HIV replication by measuring p24 (B) and viral RNA (C).
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Figure 51. AAT distribution in HIV-infected CD4+ T cells. Activated primary CD4+ T cells were
infected with HIV-1 and then incubated with 5 mg/mL AAT or 5 m g/mL Alexa Fluor® 488-labeled
IIIB

5

AAT for 3 hours. After incubation, non-internalized AAT was removed and the cells (2 × 10 cell/sample
in a final volume of 200 μL culture medium) were incubated for 0, 3, 6, 9, or 21 hours. Subsequently, the
internalization of AAT was detected with confocal microscopy (600×) (A). After 0, 3, 6, 9 or 21 hours
6

incubation, the cells (5 × 10 cell/sample in a final volume of 5 mL culture medium) were collected and
lysed to extract the whole cell proteins. AAT-specific antibody was ad ded to the lysate to permit
immunoprecipitation of the proteins that interacted with AAT. LRP, RAB4, RAB5, LAMP1, AAT and
LAMP2 were detected by Western blotting (B).
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Figure 52. Lysosome inhibitor (NH Cl) and endosome-lysosome fusion inhibitor (BAPTA-AM) both
4

suppressed the translocation of AAT from the endosome to the lysosome. Activated primary CD4+ T
cells were infected with HIV-1 and incubated with 5 mg/mL Alexa Fluor® 488-labeled AAT for 3
IIIB

5

hours. After incubation, unbound AAT was removed and these cells (2 × 10 cell/sample in a final volume
of 200 μL culture medium) were incubated in the presence or absence of 10 mM NH Cl or 10 μM
4

BAPTA-AM for 0, 3, 6, 9, or 21 hours. AAT internalization was detected with confocal microscopy
6

(600×) (A). Cells (5 × 10 cell/sample in a final volume of 5 mL culture medium) with 0, 3, 6, and 9 hours
incubation were collected and lysed to extract the whole cell proteins. AAT-specific antibody was added
to the lysate to immunoprecipitate the proteins that interacted with AAT. LRP, RAB4, RAB5, LAMP1,
AAT and LAMP2 were detected by Western blotting (B).
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Figure 53. NH Cl and BAPTA-AM suppressed the inhibitory effect of AAT on N F-κB activation and
4

HIV replication. Activated primary CD4+ T cells were infected with HIV-1

IIIB

and incubated with 10 mM

NH Cl or 10 μM BAPTA-AM for 30 minutes. Next, 5 mg/mL AAT was added and the cells were
4

6

incubated. After a 24-hour incubation, the cells (5 × 10 cell/sample in a final volume of 5 mL culture
medium) were then collected to extract the cytosolic and nuclear proteins. The distribution of p50 and p65
(A) was detected by Western blotting. β-actin served as a loading control. In addtion, the supernatant fluid
5

(5 × 10 cell/sample in a final volume of 500 μL culture medium) from 0, 24, 48, or 72 hours of
incubation was collected to detected HIV replication by measuring p24 (B) and viral RNA (C).
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Figure 54. AAT interacted with IκBα. Activated primary CD4+ T cells were infected with HIV-1

IIIB

and

cultured in the presence or absence of 5 mg/mL AAT for 24 hours. At the end of incubation, the cells (5 ×
6

10 cell/sample in a final volume of 5 mL culture medium) were collected and lysed to extract cytosolic
proteins. Isolated proteins were incubated with AAT or IκBα-specific antibodies to immunoprecipitate the
respective proteins. AAT and IκBα were detected by Western blotting (A). Furthermore, AAT (1 μg) was
also incubated with recombinant IκBα (1 μg) for 30 minutes. AAT or IκBα-specific antibody was added
to precipitate the proteins. Precipitated proteins were separated by SDS-PAGE and visualized by
Coomassie blue staining (digital image saved as black and gray picture) (B).
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Figure 55. AAT did not interact with p65 and p50. AAT (1 μg) was incubated with recombinant p65 (1
μg) (A) or p50 (1 μg) (B) for 30 minutes. Next, AAT-, p65-, or p50-specific antibodies were added to
immunoprecipitate the proteins. The precipitated proteins were separated by SDS-PAGE and visualized
by Coomassie blue staining (digital image saved as balck and gray picture).
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Figure 56. AAT interacted with the IκBα complex. Activated primary CD4+ T cells were infected and
7

then cultured for 24 hours. Next, these cells (10 cells/sample in a final volume of 10 mL culture medium)
were collected and lysed to extract cellular proteins. The isolated proteins were incubated with antibodies
against IKKα, the E1 ubiquitin-activating enzyme, UbcH5, or the SCF E3 ubiquitin ligase complex (Cul1,
Skp1 and β-TRCP2) to immunoprecipitate IKK, and the E1, E2 and SCF E3 ligase complex. Whole cell
proteins were also treated with phosphorylated IκBα-specific antibody for precipitation and to remove
phosphorylated IκBα. Whole cell proteins without phosphorylated IκBα were incubated with IκBαspecific antibody to immunprecipitate the IκBα complex. Furthermore, whole cell proteins were passed
through a 10KD-cutoff filter and the flow-through were treated with ubiquitin-specific antibody to
immunoprecipitate ubiquitin. Precipitated IKK (A), IκBα (B), E1 (C), E2 (D), ubiquitin (E), or the E3 (F)
complex were each incubated with AAT (1 μg) for 1 hour and the interaction between these complexes
and AAT was detected by Western blotting. Meanwhile, the E2 and E3 complex (G) was mixed to
incubate with AAT (1 μg) and the interaction between the E2/E3 complex and AAT was also detected by
Western blotting.
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Figure 57. AAT altered the ubiquitinylation pattern of IκBα in vitro. IKKα complex, IκBα, E1 ubiquitinactivating enzyme, E2 ubiquitin-conjugating enzymes (UbcH5), E3 ligase complex (Cul1, Skp1 and β7

TRCP2), and ubiquitin were isolated from HIV-infected CD4+ T cells (10 cells/sample in a final volume
of 10 mL culture medium). Next, IKKα complex was incubated with recombinant IκBα (1 μg) or
separated IκBα in the presence of ATP for 30 minutes. The phosphorylation of IκBα was detected by
Western blot in the presence or absence of AAT (A). Subsequently, E1 ubiquitin-activating enzyme, E2
ubiquitin-conjugating enzyme, E3 ligase complex, and ubiquitin were added and incubated for 2 hours in
the presence or absence of AAT (1 μg). After 2 hours incubation, the ubiquitinylation pattern of IκBα was
detected by Western blot (B). IκBα and phosphorylated IκBα were also detected by Western blot (C).
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Figure 58. FDCs internalized AAT. Isolated tonsillar FDCs (2 × 10 cells/sample in a final volume of 200
μL culture medium) were incubated with or without 5 mg/mL Alexa Fluor® 488-labelled AAT for 24
hours. At the end of incubation, the FDCs were washed three times to remove non-internalized AAT and
then fixed to detect the green fluorescence with confocal microscopy (600 ×).
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Figure 59. AAT inhibited NF-κB nuclear translocation in FDCs. Isolated tonsillar FDCs (2 × 1 0
cells/sample in a final volume of 2 mL culture medium) were pre-treated with or without 5 mg/mL AAT
for 1 day. AAT was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS, HIV
immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes),
IIIB

CD32 antibody (10 μg), or CD21 antibody (10 μg) for 1 day. At the end of incubation, the nuclear and
cytosolic proteins were extracted. The accumulation of p50 a nd p65 i n the cytosol or nucleus was
detected by Western blotting. β-actin served as a loading control.
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Figure 60. AAT inhibited IκBα degradation in FDCs. Isolated tonsillar FDCs (2 × 10 cells/sample in a
final volume of 2 mL culture medium) were pre-treated with or without 5 mg/mL AAT for 1 day. AAT
was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS, HIV immune
complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes), CD32
IIIB

antibody (10 μg), or CD21 antibody (10 μg) for 1 day. At the end of incubation, FDC nuclear and
cytosolic proteins were extracted. The accumulation of phosphorylated IκBα and IκBα in the cytosol or
nucleus was detected by Western blotting. β-actin served as a loading control.
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Figure 61. AAT increased the amount of FDC-IκBα polyubiquitinylated at K63 and decreased the amount
6

of IκBα polyubiquitinylated at residue K48. Isolated tonsillar FDCs (2 × 10 cells/sample in a final
volume of 2 mL culture medium) were pre-treated with or without 5 mg/mL AAT for 1 day. AAT was
then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS, HIV immune complexes
(preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes), CD32 antibody (10
IIIB

μg), or CD21 antibody (10 μg) for 1 day. At the end of incubation, cellular proteins were extracted. The
accumulation of IκBα polyubiquitinylated at K48 or K63 was detected by Immunoprecipitation and
Western blotting.
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Figure 62. AAT did not alter the expression of p65, p50, and TLR4 on FDCs. Isolated tonsillar FDCs (10
cells/sample in a final volume of 1 mL culture medium) were pre-treated with or without 5 mg/mL AAT
for 1 day. AAT was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS, HIV
immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes),
IIIB

CD32 antibody (10 μg), or CD21 antibody (10 μg) for 1 day. At the end of incubation, FDC proteins were
extracted and the expression of p50, p65, and TLR4 was detected by Western blotting. β-actin was used
as a loading control.
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Figure 63. AAT inhibited the expression of CD32 and CD21 on FDCs. Isolated tonsillar FDCs (10
cells/sample in a final volume of 1 mL culture medium) were pre-treated with or without 5 mg/mL AAT
for 1 day. AAT was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS, HIV
immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes),
IIIB

CD32 antibody (10 μg), or CD21 antibody (10 μg) for 1 day. At the end of incubation, FDC proteins were
extracted. The expression of CD32 and CD21 was detected by Western blotting. β-actin was u sed as a
loading control.

136

5

Figure 64. AAT inhibited FDC-CD32 mRNA expression. Isolated tonsillar FDCs (2 × 10 cells/sample in
a final volume of 200 μL culture medium) were pre-treated with or without 5 mg/mL AAT for 1 da y.
AAT was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS, HIV immune
complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes), CD32
IIIB

antibody (10 μg), or CD21 antibody (10 μg) for 1 day. After incubation, FDC total RNA was collected
and reverse transcribed. CD32 mRNA was detected by qPCR and normalized to endogenous GAPDH
expression.
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Figure 65. AAT inhibited FDC-CD21 mRNA expression. Isolated tonsillar FDCs (2 × 10 cells/sample in
a final volume of 200 μL culture medium) were pre-treated with or without 5 mg/mL AAT for 1 da y.
AAT was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS, HIV immune
complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes), CD32
IIIB

antibody (10 μg), or CD21 antibody (10 μg) for 1 day. After incubation, FDC total RNA was collected
and reverse transcribed. CD21 mRNA was detected by qPCR and normalized to endogenous GAPDH
expression.
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Figure 66. AAT inhibited the trapping and infectivity of HIV-1

IIIB

on FDCs. Isolated tonsillar FDCs (10

5

cells/sample in a final volume of 100 μL culture medium) were pre-treated with or without 5 mg/mL
AAT for 1 day. AAT was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS,
or HIV immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30
IIIB

minutes) for 1 day. Subsequently, the FDCs were incubated with HIV-1

IIIB

(50 μL), human serum (5 μL),

and gp120 antibody (10 μg) for 2 hours. Unbound viruses were removed by washing and virus-bearing
FDCs were incubated for 0, 7, 14, or 21 days in the presence or absence of 5 mg/mL AAT, 10 μg/mL LPS
or HIV immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30
IIIB

minutes) as determined by t he initial incubation conditions. FDCs were then divided into two aliquots.
One aliquot was lysed to detect cytosolic p24 (A) and viral RNA (B). The other aliquot was washed to
remove AAT, LPS, and HIV immune complex and then incubated with CD4+ T cells (10 CD4+ T cells :
1 FDC) for 7 days to allow infection after which the virus bearing supernatant was collected and used to
determine p24 production (C) and viral RNA production (D).
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Figure 67. AAT inhibited the production of TNFα by FDCs. Isolated tonsillar FDCs (2 × 10 cells/sample
in a final volume of 200 μL culture medium) were pre-treated with or without 5 mg/mL AAT for 1 day.
AAT was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS, HIV immune
complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes), CD32
IIIB

antibody (10 μg), or CD21 antibody (10 μg) for 1 day. After incubation, the supernatant fluid was
collected to detect the production of TNFα by ELISA.
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Figure 68. AAT inhibited FDC-TNFα mRNA expression. Isolated tonsillar FDCs (2 × 10 cells/sample in
a final volume of 200 μL culture medium) were pre-treated with or without 5 mg/mL AAT for 1 da y.
AAT was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS, HIV immune
complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30 minutes), CD32
IIIB

antibody (10 μg), or CD21 antibody (10 μg) for 1 day. At the end of incubation, FDC total RNA was
obtained and reverse transcribed to detect the mRNA expression of CXCL13 with values normalized to
the expression of endogenous GAPDH.
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Figure 69. AAT inhibited the expression and production of CXCL13 by FDCs. Isolated tonsillar FDCs (2
5

× 10 cells/sample in a final volume of 200 μL culture medium) were pre-treated with or without 5 mg/mL
AAT for 1 day. AAT was then removed and the cells were incubated with 5 mg/mL AAT, 10 μg/mL LPS,
or HIV immune complexes (preformed by incubating 50 μL HIV-1 with 10 μg gp120 antibody for 30
IIIB

minutes) for 1 day. At the end of incubation, the supernatant fluid was collected to detect the production
of CXCL13 by ELISA (A). FDC total RNA was obtained and reverse transcribed to detect the mRNA
expression of CXCL13 with values normalized to the expression of endogenous GAPDH (B).
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